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Submission of a manuscript to the Editor involves the tacit 
assurance that no similar paper, other than an abstract or prelimi- 
nary report, has been, or will be submitted for publication. 


Form and Style of Manuscript 


Carelessness in the preparation of a manuscript only leads to 
delay in publication and to waste of time on the part of Editors 
and Referees. An improperly prepared manuscript must be re- 
turned to the author for correction of technical faults regardless 
of its scientific merit. Accordingly, it is important that all con- 
tributions should be carefully examined before being submitted, 
to make sure that they conform as closely as possible to the follow- 
ing instructions. 

Manuscripts should be typed with double or triple spacing 
throughout (including references), and the original copy should 
be submitted along with one clear carbon copy. Before the manu- 
script is mailed to the Editor all errors in typing should be cor- 
rected, and the spelling of proper names and of words in foreign 
languages, the accuracy of direct quotations and bibliographical 
references, and the correctness of analytical data, as well as of 
numerical values in tables and in the text, should be carefully veri- 
fied by the author. Care in grammatical constructionis essential ; 
vague, obscure, and ambiguous statements must be avoided. 
Since the Journal is read by scientists in foreign countries, techni- 
cal neologisms and “‘laboratory slang’”’ should not be used; when 
unavoidable, such terms should be defined. Variations from 
standard nomenclature and all arbitrary abbreviations should be 
explained. The formsof spelling and abbreviations used in current 
issues of the Journal should be employed, and for chemical terms 
the usage of the American Chemical Society as illustrated by the 
indexes of Chemical Abstracts should be followed. A number of 
capital letter abbreviations for substances which are frequently 
referred to in biochemical publications are widely used and gen- 
erally understood. 

A list of approved abbreviations, which may be used without 
further definition in articles in the Journal, will be found in the 
article on ‘‘Use of Abbreviations’’ on pages 5and 6. Other abbre- 
viations should be used sparingly, and must be defined by each 
author in a footnote at the point where the first such abbrevia- 
tion occurs. Ordinarily no abbreviations should be used in sum- 
maries. For further details, see ‘‘Use of Abbreviations.”’ 

Separate sheets should be used for the following : (a) title, (b) 
author(s) and complete name of institution or-Idboratory, (c) 
running title, (d) references, (e) footnotes, (f) legends for fig- 
ures, (g) tables, and (h) other subsidiary matter. When an elab- 
orate mathematical or chemical formula (one which cannot be 
printed in single horizontal lines of type) appears in the text, a 
duplicate of it should be typed on a separate sheet. All sifeh 
supplementary sheets, except the title, author(s), and, asaping 
title pages, should follow the text, and all sheets should be num- 
bered in succession, the title page being page one. Manuscripts 
that do not conform to these instructions will have to be cut and 
rearranged by the printer so that — to be set in different 
type sizes can be separated. 2 


«<. 
Title . 


The title should be as short as is consistent with clarity; in most 
instances two printed lines are adequate to give a clear indication 
of the subject matter of the paper. The title should not include 
chemical formulas or arbitrary abbreviations, but chemical sym- 
bols may be used to indicate the structure of isotopically labeled 
compounds. A running title should be provided (not to exceed 
60 characters and spaces). 


Instructions To Authors 





Organization of Manuscript 


A desirable plan for the organization of a paper is the following: 
(a) introductory statement, with no heading, (b) ‘Experimental 
Procedure”’ (or ‘‘Methods’’), (c) ‘‘Results,’’ (d) “‘Discussion,”’ (e) 
““Summary,’’ (f) ‘‘References.’’ The approximate location of the 
tables and figures in the text should be indicated in the margin. 
Any general acknowledgments that are to be made should be 
placed after the Summary, just preceding the References. Men- 
tion of more specific instances of acknowledgment may be made 
in footnotes. 

1. The introductory paragraphs should state the purpose of 
the investigation and its relation to other work in the same field, 
but extensive reviews of the literature should not be given. A 
brief statement of the principal findings is helpful to the reader. 

2. The description of the experimental procedures should be as 
brief as is compatible with the possibility of repetition of the work. 
Published procedures, unless extensively modified, should be re- 
ferred to only by citation in the list of references. 

3. The results are customarily presented in tables or charts and 
should be described with a minimum of discussion. 

4. The discussion should be restricted to the significance of the 
data obtained. Unsupported hypotheses should be avoided. 

5. Every paper must conclude with a brief summary in which the 
essential results of the investigation are succinctly outlined. 

6. The references should conform to the style used in current 
issues of the Journal. In the case of books, the authors’ names 
with initials, the title in full, the edition if other than the first, 
the publisher, the place of publication, the year of publication, 
and the page should be cited, inthis order. Responsibility for the 
accuracy of bibliographic references rests entirely with the au- 
thor; all references should be confirmed by comparison of the final 
manuscript with the original publications. Mention of ‘‘unpub- 
lished experiments,”’ “personal communications,” etc., must be 
made in footnotes, and not included inthe References. References 
to papers which have been accepted for publication, but which have 
not appeared, should be cited just as other references, with the 
abbreviated name of the journal followed by the words ‘‘in press.”’ 
It is advisable that copies of such papers be submitted to the 
Editors whenever the findings described in thpm have a direct 
bearing on the paper for publication. 

7. If the paper submitted is one of a series, the immediately 
preceding paper of the series should be included in the references, 
and identified as such, either in the text or in a footnote near the 
beginning of the paper. 


Chemical and Mathematical Formulas 


Reference in the text to simple chemical compounds may be 
made by the use of formulas when these can be printed in single 
horizontal lines of type. The use of structural formulas in run- 
ning text should be avoided. Chemical equations, structural 
formulas, and mathematical formulas should be centered between 
successive lines of text. Unusually complicated structural for- 
mulas or mathematical equations which cannot conveniently be 
set in type should be drawn in India ink on a separate sheet in 
form suitable for reproduction by photoengraving (examples, J. 
Biol. Chem., 228, 612, 630, 714, 753 (1957)). 


Tables 


For aid in designing tables in an acceptable style, reference 
should be made to current issues of the Journal. A table should 
be constructed so as to be intelligible without reference to the 
text. Only essential data should be tabulated. Every table 








should be provided with an explanatory caption, and each col- 
umn should carry an appropriate heading. Units of measure must 
always be clearly indicated. If an experimental condition, such 
as the number of animals, dosage, concentration of a compound, 
etc., is the same for all of the tabulated experiments, this informa- 
tion should be given in a statement accompanying the table, 
and not in a column of identical figures in the table. 

The presentation of large masses of essentially similar data 
should be avoided, and, whenever space can be saved thereby, 
statistical methods should be employed by tabulation of the num- 
ber of individual results and the mean values with their standard 
deviations or the ranges within which they fall. A statement that 
a significant difference exists between the mean values of two 
groups of data should be accompanied by the probability derived 
from the test of significance applied. 

Only in exceptional cases, the necessity for which must be 
clearly demonstrated, may the same data be published in two 
forms, such as in a table and a line figure. 


Illustrations 


The preparation of illustrations is particularly important, and 
authors are requested to follow carefully the directions given be- 
low. In case of doubt, the Editorial Office will gladly supply spe- 
cific information. 

It is helpful to the Editorial Office if all charts and drawings are 
submitted on sheets 8} x 11 inches in size. Large sized drawings 
or those much smaller than manuscript sheets are difficult to 
handle, and the Editor reserves the right to return unsuitable 
drawings to the author with a request for new drawings which 
conform with the requirements for publication. 

Drawings that have been prepared for presentation as lantern 
slides are frequently unsuitable, since the artist is often instructed 
to include information which should properly appear in the legend 
of the published figure. 

Charts should be planned so as to eliminate all waste space and, 
when several figures are submitted, should be designed so that two 
figures can be printed side by side where appropriate. In general, 
only one figure should be drawn on a sheet, and ample margin 
should be provided for labeling and for instructions about repro- 
duction added in the Editorial Office. All drawings should be 
prepared in the same style with respect to lettering, weight of 
lines, indications of points of observation, etc. 

The scales used in plotting the data should be so chosen as to 
avoid waste of space, especially vertical space. Tall, narrow 
drawings should be avoided, as should also low wide drawings. 
Curves that can be placed on one chart without undue crowding 
should not be given in separate charts. The drawings should be 
made on Bristol board, blue tracing cloth, or on coordinate paper 
printed in light blue. Mounting on heavy cardboard is undesir- 
able. Photoengravings made from photographic prints are infe- 
rior to those prepared from the original drawings, which should, 
therefore, be submitted whenever possible. If it is necessary to 
submit photographic prints because of the excessive size of the 
originals, these should be carefully prepared. All parts of the 
chart should be in even focus, and rules and lettering should be 
fairly thick, as well as large enough for the necessary reduction. 
When oversize original drawings are submitted, a set of small photo- 
graphic prints must also be included for the use of Referees. A 
duplicate set of figures must accompany the carbon copy of the 
manuscript. These need not be of the same quality as the orig- 


inal figures intended for publication, but must be clear and legible 
for the use of Referees. 

All charts should be ruled off on all four sides close to the area 
occupied by the curves, and descriptive matter placed on the 
ordinate and abscissa should not extend beyond the limits of these 
rules. 


Black India ink should be used throughout. Generally, 
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figures should be designed with the vertical height somewhat 
greater than the width, so as to fit well in a single column of the 
present format (width 3} inches). Letters and numerals should 
be uniform in size and style, and large enough so that they will be 
at least 1.5 mm high after reduction to the 33-inch width. Occa- 
sional figures may be printed so as to spread across both columns, 
if this is necessary to present full details. Drawings which con- 
tain letters or characters which do not permit reduction must be 
returned to the authors with a request that the size of the letter- 
ing be increased. 

The scales used in plotting the data should be indicated by 
short index lines perpendicular to the marginal rules of the draw- 
ings on all four sides, unless more than one scale is used on the 
ordinates, at such intervals that interpolation will permit reason- 
ably accurate evaluation of experimental points. Points of ob- 
servation should be indicated by symbols drawn with instruments. 
The significance of the symbols should be explained on the chart 
orinthe legend. If they are not explained on the face of the chart, 
only standard characters, of which the printer has type, should be 
employed (X,O, @,0,@, A, A, ©). 

Photographs submitted for half-tone reproduction should be 
printed on white, glossy paper. 
tions will be charged to the authors. 

Each chart, graph, and illustration should be clearly identified 
with a soft pencil on the margin, with the authors’ names, the 
number of the figure, and, if necessary, an indication of ‘‘top.” 
Each figure must have an explanatory legend. Legends should 
not be attached to or written on the illustration copy. 


Preliminary Communications 


Short Preliminary Communications, which appear to be of out- 
standing importance, will be given accelerated publication after 
editorial review and acceptance. The standards for acceptance 
of such manuscripts will be quite rigorous. Briefly, they may 
be stated as follows: 

1. The contribution must be, in the judgment of the Editors, 
of sufficiently immediate importance to the work of other inves- 
tigators to justify rapid publication. 

2. Adequate documentation of the reported findings must be 
presented. 

3. The length of the communication will be restricted to one 
full page in the present format of the Journal. This is approxi- 
mately 1000 words of text. If figures or tables are included, the 
permitted amount of text must be correspondingly reduced. 

4. It is ordinarily expected that such a Preliminary Communi- 
cation will be followed by a detailed report within a reasonable 
time. In some cases a very short paper may be complete in it- 
self, no further publication being required. If an author con- 
siders his communication to be final in this sense, he should so 
state in submitting the manuscript to the Editors. In such cases, 
the form of a short regular paper might be preferable (see the 
fifth paragraph following). 

5."Such.short papers will not necessarily be restricted to new 
experiméhtal findings. New interpretations of existing data 
may be published on occasion, but only in rare cases, when the 
interpretation is considered to be especially significant. 

6. The title of the manuscript, and the names and addresses of 
the authors should be given at the beginning, as in a regular 
paper. However, no summary need be included, and the head- 
ings and sub-headings commonly used in full papers may—and 
generally should—be omitted. An original and two carbon copies 
should be submitted. 

Authors should realize that questions of priority will be given 
no weight in the acceptance of such brief communications, and 
in any case priority is established by the date of receipt of the 
manuscript, not by the date of its publication. 


The cost of half-tone reproduc- 
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The aim of the Journ: in providing a medium for accelerated 
publication of such communications is to serve the advancement 
of the science of biochemistry. Procedures for handling such 
manuscripts are subject to modification as we gain experience in 
dealing with them. 

Quite apart from communications of this special category, we 
should like to remind authors that the Journal imposes no lower 
limit on the length of manuscripts submitted in the usual way. 
Papers which are only one or two pages long have been published 
on a number of occasions in the past, when the findings were con- 
sidered significant and the documentation and presentation were 
adequate. However, we have no desire to encourage short papers 
rather than long ones. A single long report of a comprehensive 
series of findings is generally preferred by the Editors to three or 
four short papers which, in the aggregate, require more time to 
read and to edit and also will take up more space. 


Proof-Reading 


Authors are responsible for the reading of galley proof. Print- 
ers’ errors should be marked in red on the proofs. Changes made 
by the authors should be marked in black. The cost of changes, 
other than correction of printers’ errors, will be charged to au- 
thors. Changes of text made in galley proof, other than printers’ 
errors, are very expensive and should be made only when vitally 
necessary in the interests of accuracy or clarity. Arbitrary or 
trivial changes will not be accepted by the Editor. Newly ob- 


tained data cannot be inserted. However, where the desirability 
or necessity of the addition of a “note added in proof’ can be 
demonstrated to the satisfaction of the Editor, the manuscript 
of such a note may be attached to the proof. This addition must 
then receive the approval of the Editor. 

The manuscript should be returned with the galley proofs to 
the address given on the return envelope enclosed with the proofs: 
The Journal of Biological Chemistry 
The Williams & Wilkins Company 

428 E. Preston Street 
Baltimore 2, Maryland 


Reprints 


Reprints will be issued only when ordered by authors. When 
they are to be charged to an institution, an official purchase order 
must be supplied in addition to the order form submitted with 
the proof. The total number of reprints must be ordered when 
galley proof is returned. Reprints are made at the time the 
Journal is printed, and the type is destroyed at once. Therefore, 
additional reprints cannot be supplied after an issue of the Journal 
is printed except by a photo-offset method. The erst of such 
reproduction is many times greater than that of reprints printed 
from the original type. 


Use of Abbreviations 


The Journal recognizes the utility and convenience of some 
nonstandard abbreviations for chemical substances, particularly 
in equations, tables, or figures requiring several unwieldy terms 
in close or repeated context. The Journal therefore will accept 
a limited use of abbreviations of specific meaning as defined be- 
low. However, in order that scientific writing be comprehensi- 
ble to the reader, clarity and unambiguity of expression must re- 
main prime considerations. 

Titles and summaries, which are most often translated into 
foreign languages, should be free of abbreviations, and abbrevia- 
tions should be minimized in the introductory sections. In the 
remainder of the manuscript, abbreviations may be used in the 
text sparingly and only if advantage to the reader results. 
Chemical equations, which traditionally depend upon abbrevia- 
tions, may utilize an abbreviation for a term that appears in 
full in the neighboring text. This latter procedure is also per- 
missible in summaries, when necessary to avoid excessively 
cumbrous expressions, as in equations or polymer structures. 
Such essential abbreviations in summaries would be defined 
therein when first used; e.g. flavin adenine dinucleotide (FAD). 

Formulation of Abbreviations—Abbreviations other than those 
listed or defined below should be in accordance with the following 
principles: 

The number of these introduced per article should be limited 
(3 or 4); none should be introduced except where repeated use is 
required (see above). Three letters are considered optimum in 
length. The formation of words by these letters or duplication 
of an accepted abbreviation is to be avoided. Where a number 
of derivatives, salts, or addition compounds may be formed, the 
root or common basic structure should be the one abbreviated so 


that appendages may be hyphenated to it (e.g. AMP-sulfate, - 


acyl-AMP). It is suggested that abbreviated names be hyphen- 


Viowm 


ated throughout, even where the full name is not (e.g. glucose- 
6-P, but glucose 6-phosphate). Structural analogues of DPN 
and TPN may be abbreviated with a prefixed asterisk, e.g. 
3-acetylpyridine-*DPN, where the * is to be read as “analogue 
of.”” Accepted symbols for elements or radicals are recommended 
where applicable (e.g. glycero-P for glycerophosphate, ‘P-glyc- 
erate for phosphoglycerate). 

Names Ordinarily Not To Be Abbreviated—Names of enzymes 
(except when named in terms of an abbreviation, e.g. glucose- 
6-P dehydrogenase, ATPase, but glucose 6-phosphatase; RNase, 
DNase), pyridoxal, pyridoxamine, deoxypyridoxine, thiamine, 
cocarboxylase, pantothenate, folic acid, pteroylglutamate, tri- 
chloroacetic acid, perchloric acid, the tricarboxylic acid cycle and 
members thereof should not be abbreviated, nor should groups 
easily represented by chemical symbols, such as hydroxymethyl] 
(CH,OH) or tetrahydro (-H,). In referring to folic acid deriva- 
tives it is recommended that the names “tetrahydrofolic acid” or 
“tetrahydrofolate” be written out in full, unless repeated many 
times in a paper, in which case the abbreviation “folate-H,” may 
be used; as also “folate-H.”’ for dihydrofolate. Derivatives can 
similarly be referred to, eg. “5 (or 10)-hydroxymethylfolate- 
H,” or “5 (or 10)-CH.OH-folate-Hy.” 

Accepted Abbreviations—The abbreviations in the list given 
below may be used without definition. Other abbreviations 
should be defined in a single footnote at the point of introduction 
of the first one. Accepted abbreviations are as follows (ef. 
Biochem. J., 66, 8 (1957)): 

DPN (or DPN*), 

DPNH 
TPN, TPNH 


diphosphopyridine nucleotide and its 
reduced form 

triphosphopyridine nucleotide and its 
reduced form 
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FAD, FADH, flavin adenine dinucleotide and its re- 
duced form 

NMN nicotinamide mononucleotide 

GSH, GSSG glutathione and its oxidized form 


CoA, acyl-CoA coenzyme A and its acyl derivatives 
(e.g. acetyl, etc.) 

the 5’-phosphates of ribosyl adenine, 
guanine, hypoxanthine, uracil, cy- 
tosine 


the 2’-, 3’-, (and 5/’-, where needed for 


AMP, GMP, IMP, 
UMP, CMP 


2’-AMP, 3’-AMP (5’- 


AMP), etc. contrast) phosphates of the nucleo- 
sides 
ADP, etc. the 5/(pyro-)diphosphates of adeno- 
sine, etc. 
ATP, etc. the 5’(pyro)-triphosphates of adeno- 
sine, etc. 
deoxy-AMP(dAMP, the 5’-phosphates of 2’-deoxyribosyl 
dGMP, dIMP, adenine, etc. 
dUMP, dCMP, 
dTMP) 
RNA, DNA ribonucleic acid, deoxyribonucleic acid 
RNase, DNase ribonuclease, deoxyribonuclease 
UDP-glucose, UDP-ga- uridine diphosphate glucose, galactose, 
lactose, etc. etc. 
Pi, FP 3 inorganic orthophosphate and pyrophos- 
phate 
Tris tris(hydroxymethyl)aminomethane 


Phosphorylated derivatives may be depicted as phosphate 
derivatives of the parent compounds with P- or -P represent- 
ing phosphate, as in glucose-6-P, P-glycerate, glycerol-P, P-enol- 
pyruvate, PP-ribose-P (ribosylpyrophosphate 5-phosphate). 

For Diagrammatic Representation of Polymers or Sequences— 
(a) For the amino acid residues in polypeptides, the residue with 
the free alpha-amino group (if one is present) to be understood 
to be at the left of the sequences as written (Ann. Rev. Biochem., 
16, 224 (1947)): 


Gly, Ala, Val, Leu,Ileu glycyl, alanyl, valyl, leucyl, isoleucyl, 
Pro, Phe, CySH, CyS, prolyl, phenylalanyl, cysteinyl, half- 


Met, Try cystyl, methionyl, tryptophany] 
Arg, His, Lys arginyl, histidyl, lysyl 
Asp, Glu, aspartyl, glutamyl, 


Glu-NH, Asp-NH: 
Ser, Thr, Tyr, 
Hypro, Hylys 


glutaminyl, asparaginyl 
seryl, threonyl, tyrosyl, 
hydroxyprolyl, hydroxylysyl 


These symbols should be separated from each other by periods 


(e.g. Gly.Val.Asp.Ser). Groups of residues of unknown se- 
quence may be enclosed in parentheses and separated by commas, 
These abbreviations should be used only for amino acid residues 
in peptide linkage, never for the free anrino acids, the names of 
which should be written out in full. 

(b) For the polysaccharides (J. Chem. Soc., 1952, 5121; Chem. 
Eng. News, 31, 1776 (1953)): 


Gt, Fru, Gal, Rib, deoxy- 
Rib (dRib), ete. 


glucose, fructose, galactose, ribose, 
deoxyribose, etc. 


(These abbreviations are to be used only for derivatives or poly- 
mers of the monosaccharides, not for the free monosaccharides 
themselves, the names of which should be written out in full.) 
When it is necessary to indicate furanose, pyranose, etc., the 
letter f or p, following the saccharide abbreviation, may be used. 
Thus, Ribf for ribofuranose. To indicate a uronic acid, the 
suffix A, for acid, may be used. Thus, GA for glucuronic acid, 
GalA for galacturonic acid. To indicate a 2-amino-2-deoxy- 
saccharide, the suffix N is added to the parent saccharide symbol, 
and an N-acetyl derivative is shown by NAc. Thus, GalN for 
galactosamine, GalNAc for N-acetyl galactoszmine. Configura- 
tion symbols (L-, D-) may be used as prefixes. Each residue is 
separated from the next by a hyphen; thus, UDP-GalNAc. 

(c) For polynucleotides of specific structure, the letter p to 
the left of the nucleoside initial indicating a 5’-phosphate; the 
letter p to the right, a 3’-phosphate:{ Thus, for polyribonucleo- 
tides (A, G, etc., representing the nucleosides of adenine, gua- 
nine,f etc.): 


pApG 5’-O-phosphoryl-adenylyl- (3’-5’) -guan- 
osine, or guanylyl-(5’-3’)-adenosine 
5’-phosphate 

ApGp adenylyl-(3’-5’)-guanosine 3’-phos- 


phate 
adenylyl-(3’-5’)-guanosine 2’, 3’-phos- 
phate 


ApG-cyclic-p 


for polydeoxyribonucleotides: 

d-pApGpT 5’-O-phosphoryl-deoxyadenyly1-(3’-5’)- 
deoxyguanylyl- (3’-5’)-deoxythymi- 
dine, or deoxythymidylyl-(5’-3’)-de- 
oxyguanylyl - (5’-3’) - deoxyadeno- 
sine 5’-phosphate. 


¢ Confusion between G for guanosine and for glucose, if it 
occurs, should be avoided by the use of one name in full. 

t For further examples of this system of abbreviation see, for 
instance, Heppel, Ortiz, and Ochoa, J. Biol. Chem., 229, 679, 695 
(1957), and especially Gilham and Khorana, J. Am. Chem. Soc., 
80, 6212 (1958). 





The Journal of Biological Chemistry, founded in 1905, is designed 
for the prompt publication of original investigations of a chem- 
ical nature in the biological sciences. 

All manuscripts should be addressed to Dr. John T. Edsall, 
Editor, The Journal of Biological Chemistry, 10 Divinity Avenue, 
Harvard University, Cambridge 38, Massachusetts. 


SupscripTions. One volume is issued per year. The subscrip- 


tion price, payable in advance, is $45.00 per year, to subscribers 
in the United States and Canada; $46.50 per year, to those in other 
countries. The price of single copies is $5.50, except December 
1958, $6.00. Remittances should be made by draft or check, 
or by postal money order, payable to The American Society of 
Biological Chemists, Inc., 428 E. Preston Street, Baltimore 2, 
Maryland. 
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UNITS OF MEASUREMENT 


Units of Mass 
kilogram kg 
gram g 
milligram mg 
microgram pg (not +) 
millimole mmole (not mm) 
micromole pmole (not um) 


Units of Concentration 


molar (mole /liter) M 
millimolar mM 
micromolar uM 
Units of Length, Area, Volume, etc. 

meter m 
centimeter cm 
millimicron my 
Angstrom (10-* cm) A 
square centimeter cm? 
cubic centimeter cc, or cm? 
milliliter ml 
microliter ul (not » ) 
sedimentation coefficient 8 
sedimentation coefficient in water at 20°, 

extrapolated to zero concentration 829, w 
Svedberg unit of sedimentation coeffi- 

cient (10-" sec) 8 
diffusion coefficient (usually given in 

cm?/sec) D 


Note that, in most instances, liter is not to be abbreviated. Use 
|, if necessary in tabular matter. 


Terms Used in Reporting Spectrophotometric Data—Because 
there are several ways of reporting spectrophotometric data and 
some conventions are not generally understood, it is essential 
for an author to indicate the relation between the symbols used. 
It is recommended that Beer’s law be stated with one of the 
following sets of symbols. 


A = OD = —logy T = amCb = eCb = a,cb 


In these equations A is absorbancy (preferred), OD is optical 
density, T is transmittancy (not transmittance, as for a plate 
of glass), C is the concentration of the absorbing substance in 
moles per liter, c is its concentration in other units (which must 
be specified), a, is the absorbancy index, am is the molar absorb- 
ancy index Gdentical with ¢, the molar extinction coefficient), 
and b is length of the optical path in cm. If Beer’s law is not 
applicable to a particular substance in solution, this should be 
explicitly stated; even in such cases the substance may be char- 
acterized by reporting the absorbancy at a specified concentra- 
tion. 

When a substance is characterized by a molar absorbancy 
index by use of radiant energy which is not confined strictly (as 
in a line spectrum) to the wave length or frequency specified, the 
exact value of this index will be somewhat ambiguous unless the 
so-called spectral interval isolated is also reported. 

See, for instance, K. 8. Gibson, Spectrophotometry (200 to 1,000 
millimicrons) U. 8. Department of Commerce, National Bureau 
of Standards, Circular 484, issued September 15 (1949), U. S. 
Gov’t Printing Office, Washington, D. C.; also, W. M. Clark, 
Topics in Physical Chemistry, Second Edition, pp. 646-657, The 
Williams & Wilkins Co., Baltimore, 1952. 

Equilibrium and Velocity Constants 

Dissociation constants, association constants, and Michaelis 
constants should ordinarily be written in terms of concentrations 
in moles per liter; for instance, for the reaction Mgt* + ATP“ 
MgATP*-, the association constant is: K = (MgATP*-)/(Mgt*) 
(ATP*); (in units of m~). 

If other units of concentration are employed, they should be 
clearly indicated at the point where the equilibrium constant is 
defined, and where its value is given. 

Values of velocity constants should be similarly specified, first 
order velocity constants being generally given in sec~ (other 
units of time may be used on occasion, but in any case the time 
unit should be specified). Second order velocity constants are 
ordinarily given in m™ sec™. 

The term milligram per cent (mg %) should not be used. 
Weight concentrations should be given as g per ml, g per 
100 ml, g per liter, etc. 
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Changes in the Membership of the Editorial Board 


Members of the Editorial Board of the Journal are now ordinarily appointed for a 
period of five years; but after a lapse of at least one year they may be appointed for a 
second five-year term. The following members of the Editorial Board will retire on June 
30, 1960: Eric G. Ball, Herbert E. Carter, Albert L. Lehninger, Stanford Moore, Hans 
Neurath, and Severo Ochoa. Of these, Drs. Ball, Carter, and Moore have served a full 
term of ten years as members of the Editorial Board. In addition, Drs. Lehninger and 
Neurath, who would ordinarily have ended their first five-year term in June 1959, agreed 
to serve for an additional year in order to meet the urgent needs of the Journal in a 
period of expanding activities. All of these members of the Board have served devotedly 
in an arduous and exacting task, the great value of which can scarcely be known to most 
of our readers. Their counsel and service will be badly missed. 

During the last two years the number of papers submitted to the Journal has been in- 
creasing substantially. In appointing new members of the Editorial Board, therefore, 
we have sought not merely to replace the retiring Editors but to increase the membership 
of the Board. On July 1, 1960, the following new members are joining the Board: Christian 
B. Anfinsen, H. A. Barker, Klaus Hofmann, Manfred L. Karnovsky, Daniel E. Koshland, 
Jr., Fred H. Mattson, David Shemin, Earl R. Stadtman and Robert C. Warner. Thus, 
the Editorial Board will have a total membership of 32, beginning with this issue, whereas 
the number was previously 28. We believe that with these new appointments we shall be 
able to cope successfully with the growing responsibilities of the Editorial Board. 
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10 fractions of 20 cc each or 200 fractions of 1 cc each? 


Break a given volume into many small fractions, rather 
than a few large ones, and you're bound to get sharper dif- 
ferentiation, higher resolution. 

Stands to reason .. . but how? The manual “‘bird-watching" 
method is tedious enough for a dozen-or-so collections: down- 
tight impossible when you need hundreds. 

It's no trick at all though when you mechanize fractiona- 
tion with the Technicon automatic collector. You can run collec- 
tions either by time-flow, or, if utmost resolution is required, by 
drop count. Either way, all you have to do is mount the prepared 
column on the machine, set it for the desired number (up to 200) 
of samples of whatever volume you wish (from a single drop 
up to 28 cc). Then start it and go away. 

Come back hours later (or next morning) and find the job 
all done. Excess material beyond that required for the experi- 
ment is automatically diverted to waste when the machine turns 
itself off on completion of the collection. 


‘technicon 


There's a lot more you should know obout this 
time-ond-labor saving instrument. You'll find it 
in a brochure you can get by writing 
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The Barn Door is literally “wide open” at NBCo and out 
of it have come more than 100 items we jokingly refer to as 
“Barnyard Biochemicals”. These are the various chemicals 
of direct animal origin—Cephalin, Lecithin, Enzymes, Blood 
derivatives, etc. These are of tremendous importance as 
sources of active principles. It is from materials of direct 
animal source that many new approaches may still be evolved. 
These “Barnyard Biochemicals” are among the more than 
2,600 products offered by NBCo, the largest Research 
Biochemicals House on the globe featuring complete inven- 
tories of highest quality Biochemicals at economical prices 
and instant service. 
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New tips and tops on PYREX' pipets 


... some of the new pipets we’ve added during the past year or so 


You can be pickier than ever about the pipets you use 
for biological work; we’ve added to and refined the entire 
line of PYREX pipets. 


New tips. There’s a bigger hole in the tip of No. 7087 
that lets you work faster with viscous liquids such as 
heavy creams, curds, and oils. Thanks to an extra-long, 
narrower tip on No. 7084, you can work more easily 
with Warburgs, small flasks and tubes, and the like. Tips 
on No. 7105 pipets, designed especially for Folin tests of 
urine and blood sera, are now uniform in length and 
diameter. 

Like all Pyrex tips these are stoned to a smooth bevel 
which reduces snagging and breakage significantly. 


New tops. No. 7086 is an Accu-RED pipet with a cotton 
plug top for safe transfer of a virus or pathogen; for the 


PYREX’® laboratory ware.. 


first time you can combine the strength and long-lasting 
marks of Accu-RED with cotton plugs. 

No. 7096 is a rinse-out pipet for accurate micro 
dilutions. 

All our tops are flat and smooth for precise finger 
control. They’re also fire polished for easy removal of 
lipstick and other stains. 

There are many more special pipets, and old standbys, 
listed in your Pyrex labware catalog LG-1 and supple- 
ments . . . along with the world’s most complete line of 
lab glassware. 


CORNING GLASS WORKS 


83 Crystal St., Corning, N. Y. 
CORNING MEANS RESEARCH IN GLASS 
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Complete, low-level Automatic Counting System is tested on Nuclear-Chicag 
production line. Printing timer, Q-Gas, and Automatic Sample Changer occupy 
top shelf. Scaler on second shelf measures sample activity, while optional scalers 


bottom shelf can be used to record “guard” counts or unguarded sample cou 
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New exclusive Gas Flow Counter 
designed for Nuclear-Chicago Automatic 
Sample Changers has background 


of only 2 counts per minute! 


Now radioactive samples containing minute, 
previously unmeasurable amounts of carbon-14, 
phosphorus-32, strontium-90, etc., can be counted 
automatically with high accuracy. A new Gas Flow 
Detector with the famous Nuclear-Chicago “Micromil”® 
window rests inside a “guard” counter which acts 

as a cosmic ray shield. The new flow counter 

with its “guard” and circuitry fits directly on standard 
Nuclear-Chicago Automatic Sample Changers. 
Additional steel and lead shielding is provided with 
the system. The “guard” and shielding reduce net 
background of the sample counter to less than 

2 counts per minute! 

In biological tracer work this new Automatic Low 
Background System makes possible for the first time 
accurate analysis of samples having counting rates 
as low as 2-3 counts per minute. In routine 
sample measurements counting time is reduced, 
while the amount of radioactive reagent 
required can be drastically cut. 

The new Nuclear-Chicago Automatic Low 
Background System is available now for early 
delivery. It may be purchased as a complete package 
or as a group of components for those already 
having C110B Automatic Sample Changers. 


For full information, write for Bulletin C115. 
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IT HAPPENED THIS MONTH... 


a glance at yesterday in relation to today 


IN JULY—(1922)—the Journal of Biochemistry (Tokyo) reports the isolation 
and analysis of the prolamin of Hato-mugi (Coix lacryma L.). Hato-mugi is an 
Asiatic species of grass with large seeds called “Job’s Tears,” which are often 
strung as beads to pacify teething infants. Results indicate that it contains glu- 
tamic acid, leucine, tyrosine and the basic amino acids, arginine, histidine, and 
lysine, and resembles the prolamin of oats.' 


Chemists who know their oats (or their Hato-mugi) will be interested in the 
Schwarz kit of 18 optically standardized natural amino acids. This kit provides 
reliable, convenient primary standards for chromatography, microbiological 
assay and other precise research and instructional purposes. Also available are 
bulk quantities of optically standardized amino acids for nutritional studies and 


manufacturing. In addition, most of these compounds are available with N** 
or C’* labels. 


IN JULY—(1929) — Cowgill discusses the physiology of the substance hitherto 
called “vitamin B.”? This has recently been shown to consist of at least two 
physiologically-active factors. One is unstable at high temperatures and is effec- 
tive in preventing and curing beriberi; the other thermostable component is 
required along with the antineuritic factor for promoting growth and is prob- 
ably effective in preventing and curing pellagra. 


Today, we know that the anti-beriberi factor is an essential constituent of cocar- 
boxylase (thiamine pyrophosphate), while the anti-pellagra factor is a precursor 
of catalytic flavins such as flavin adenine dinucleotide (FAD). Schwarz 
BioResearch supplies both FAD and cocarboxylase, as well as other essential 
cofactors, including DPN, ATP, and adenylic acid. All are listed in our catalog. 
Write for it. 


IN JULY—(1959) — discussing the synthesis of organic compounds on the prim- 
itive earth, Stanley Miller and Harold Urey state: “The major problems remain- 
ing for an understanding of the origin of life are (i) the synthesis of peptides, 
(ii) the synthesis of purines and pyrimidines, (iii) a mechanism by which 
‘high-energy’ phosphate or other types of bonds could be synthesized continu- 
ously, (iv) the synthesis of nucleotides and polynucleotides, (v) the synthesis of 
polypeptides with catalytic activity (enzymes) , and (vi) the development of poly- 
nucleotides and the associated enzymes which are capable of self-duplication.””* 


The fundamental importance of nucleic acids in life processes is now universally 
recognized. Schwarz BioResearch offers a full line of nucleic acid compounds: 
DNA, RNA, nucleate salts, nucleotides, nucleosides, purines and pyrimidines, 
and pentoses. Also available is a complete line of amino acid derivatives, peptides 
and poly-amino acids. Many of these have been radiolabeled. Do you have our 
most recent catalog and price list? 


1. Hattori, G. and Komatsu, S.: The prolamin of Coix lacryma L. J. Biochem, 1 :365 (July) 1922. 2. Cowgill, G. R.: 
Recent studies in the physiology of vitamin B. Yale J. Biol. & Med. 1:353 (July) 1929. 3. Miller, S. L. and Urey, 
H. C.: Organic compound synthesis on the primitive earth. Science 130:245 (July 31) 1959. 


SCHWARZ BIORESEARCH, INC. + Dept.7C * Mount Vernon, New York 


BIOCHEMICALS * RADIOCHEMICALS * PHARMACEUTICALS for research, for medicine, for industry 
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TEFLON is a registered trade-mark- 
of E. I. du Pont & Co., Inc. 





* Stopcocks with TEFLon® Plugs manufactured under FiscHeR & PorTER Patent No. 2,876,985 


The stopcock plugs* are TE FLON. ‘e 


in this new line of KIMAX® Laboratory Glassware 
eliminating freezing, binding, grease contamination 


KIMAX Laboratory Glassware now 
offers the convenience of TEFLON stop- 
cock plugs... 

No Binding—accomplished by exagger- 
ated 1:5 taper of TEFLON Plugs in pol- 
ished glass barrels. 


No Freezing — because of extraordinary 
chemical inertness of TEFLON. 


No Leaking—perfect fit of TEFLON Plug 
with the polished glass barrel. 


KIMBLE LABORATORY GLASSWARE 
AN (I) Propuct 
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No Contamination—self-lubricating . .. 
no grease needed with TEFLON stop- 
cock plugs. 


Easy Control—simple to adjust, control 
is easily maintained. 

KIMAX Stopcocks with TEFLON Plugs 
are “interworkable” with other boro- 
silicate glass of the same coefficient of 


expansion. 


This new line of KIMAX apparatus 





with TEFLON Stopcock Plugs may be 
assorted with other Kimble laboratory 
glassware making possible larger quan- 
tity discounts. Your dealer will show 
you how you may realize more savings 
by specifying Kimble for all your labo- 
ratory glassware needs. 


For further information, write Kimble 
Glass Company, a subsidiary of Owens- 
Illinois, Toledo 1, Ohio. 


Owens-ILutnois 


GENERAL OFFICES « TOLEDO 1, OHIO 
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a new concept in Fluorometer-Nephelometer design .. . 


Turner 
FLUOROMETER 


Full Scale Reading 
(100 Divisions) 
with only 
5 PARTS per BILLION 
Quinine Sulphate 


> Four-watt u.v. lamp minimizes sample deterioration 
> Resolves 0.01 ppm silica when used as a nephelometer 


A compact, stable instrument for quantitative fluorescence analysis, simple in 
operation and with extremely high sensitivity, i.e. 5 parts per billion quinine 
sulphate produces full scale (100 divisions) change on most sensitive range. 
Can also be used as a nephelometer to resolve as little as 0.01 APHA standard 
turbidity unit. Range selector provides for reducing the sensitivity if required. 

Sample emission is determined by manually balancing its effect with that of 
a reference beam from the same light source upon a single photomultiplier tube, 
employing a rotating light interrupter to pass sample and reference beams 
alternately. Difference in relative a.c. detector output, amplified by a highly 
stable first stage, is sensed by a phase shift detector and fed to a null-type 
meter. Intensity of reference beam is regulated by a linear cam in the light 
path, which permits calibration in terms of 100 equal divisions on the ‘‘Fluores- 
cence” dial. Design eliminates dark current effects; light source, detector and 
line voltage variations; and zero point error. 

Takes 2-inch square filters for operation at 405, 436 or 546 mmu with 4-watt 
lamp and various secondary filters. Requires 2.5 to 4 ml samples in either 
standard test tubes, 10 to 12 mm inside diameter, or in 10 mm square cuvettes. 

Adequate 3600A u.v. excitation is obtained with only 4-watt lamp output, 
thereby minimizing sample deterioration by light or heat. Interchangeable 
lamp (254 mmu), quartz cuvettes and special filters are available for 2537A 
operation. 


Fluorometer, Turner, complete outfit with general purpose accessories for 3600A operation, 
consisting of set of five matched cuvettes 75 x 12 mm, primary filter 360 mmu, secondary 
filter 415 mmu, spare 4-watt ultraviolet lamp, and service manual; for 115 volts, 50 or 


IDES S EE SIE ES ee et ne 985.00 
Square Cuvette, of Pyrex brand glass, precision bore, Uranium Pellet Door, interchangeable with standard 
75 x 10 mm; only accessory oe for neph- door. Standard fusion pellets drop into ane and can 
SI ected. c Cavwascmetdascees 10.00 be ejected by a spring device. ... 


Detailed descriptive bulletin sent upon request. 
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Applications 


agronomy 

air pollution 
biochemicals 
clinical analyses 
crime analyses 
drugs 

essential oils 
fine chemicals 
food chemistry 
hormones 
industrial hygiene 
medical research 
metals 
petroleum 
pharmaceuticals 


semiconductor 
research 


toxicology 
trace analyses 


water contaminants 
etc., etc. 
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More and more laboratories rely on saan’ A Laboratory Apparatus and Reagents 
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Mitochondrial Glycolysis of Rat Brain and Its Relationship 
to the Remainder of Cellular Glycolysis* 


Eric G. BRUNNGRABERT AND L. G. ABoop 


From the Departments of Psychiatry and Biochemistry, University of Illinois College of Medicine, Chicago, Illinois 


(Received for publication, December 31, 1959) 


Mitochondria from brain, in contrast to other tissues, are 
capable of oxidizing glucose to carbon dioxide and water (1-4). 
Efforts to fragment mitochondria in this laboratory (4) led to 
partial solubilization of all of the enzymes of the Embden- 
Meyerhof glycolytic scheme with the exception of hexokinase, 
which remained behind in the particulate residue. In attempt- 
ing to evaluate the contribution of mitochondrial glycolysis to 
that of the whole homogenate, it was found that the addition 
of intact mitochondria to an equivalent amount of supernatant 
in the presence of added yeast hexokinase resulted in almost 
a 2-fold increase in the glycolysis of the supernatant alone. 
Furthermore, the contribution of mitochondria to the glyco- 
lytic activity of the whole homogenate appeared to be much 
greater than the glycolytic activity of the mitochondria them- 
selves indicated. In this investigation an attempt was made 
to ascertain the nature of the stimulatory effect and to deter- 
mine in what manner the glycolytic enzymes are attached to 
the mitochondria. 


EXPERIMENTAL PROCEDURE 


Methods 


Preparation of Enzymes—Whole rat brain (about 1.9 g) was 
homogenized in 10 ml of 0.25 m sucrose containing 10-* m EDTA‘ 
per brain, and centrifuged at 100,000 x g for 20 minutes in 
the Spinco model L ultracentrifuge to obtain the supernatant, 
8. To obtain mitochondria, 10 ml of the homogenate were 
diluted to 20 ml with 0.25 m sucrose and centrifuged at 600 
xX g for 10 minutes. The supernatant was pipetted off and re- 
centrifuged at 1500 x g for 10 minutes. The two residues 
were taken up in 20 ml of 0.25 m sucrose containing 10-* m 
EDTA, suspended uniformly by means of a homogenizer, and 
centrifuged at 600 X g and 1500 X g as before. The residues 
were then discarded. Centrifugation of the combined superna- 
tants at 12,000 x g for 15 minutes yielded the mitochondrial 
fraction, which was then washed by suspension in 20 ml of 
0.25 m sucrose containing EDTA, and centrifuged at 100,000 
X g for 20 minutes. The mitochondrial residue, M, was finally 
suspended in an amount of water such that the final volume 
was 10 ml. Equal volumes of S and M provided a system 


* This research was supported jointly by a contract with the 
Office of Naval Research and a grant from the Mental Health 
Fund, State of Illinois. 

+ Present address, Illinois State Psychiatric Institute, Chicago, 
Illinois. 

1 The abbreviations used are: EDTA, ethylenediaminetetraace- 
tic acid; and FDP, fructose 1,6-diphosphate. 
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capable of accomplishing the same amount of glycolysis as an 
equivalent volume of the original homogenate (4). 

Mitochondrial extracts were prepared by suspending an 
amount of mitochondria representing 10 ml of the original ho- 
mogenate in an amount of 0.02 m Tris buffer, pH 8.4, con- 
taining 0.05% sodium lauryl sulfate such that the final volume 
was 10 ml. After being allowed to stand in the cold for 15 
minutes, the suspension was centrifuged at 100,000 x g for 
20 minutes. The extract (denoted as LSX) was pipetted off, 
and the residue was suspended in water to a final volume of 
10 ml (denoted as LSR). Thus equal volumes of LSR and 
LSX would achieve the same glycolytic rate when combined 
as the original mitochondria. The same procedure was followed 
when the mitochondria were extracted with water, 0.02 m Tris 
buffer, pH 8.4, isotonic potassium chloride, or 0.25 m sucrose 
containing 0.005 m magnesium chloride. 

Enzymatu Assays—All assays were conducted anaerobically 
in Warburg flasks gassed with a mixture of 95% nitrogen and 
5% carbon dioxide. The glycolytic medium and enzymes (at 
0°) were mixed and 3 ml were pipetted into cold Warburg 
flasks and placed on the Warburg bath. Flasks were removed 
at appropriate intervals, deproteinized with 0.1 ml of 50% tri- 
chloroacetic acid, and analyzed for lactate and pyruvate. The 
standard glycolytic medium contained 0.008 m phosphate buffer, 
pH 7.5, 5 xX 10-* m ATP, 0.007 m magnesium chloride, 3.6 
x 10-4 m DPN, 0.017 m potassium bicarbonate, 0.027 m nico- 
tinamide, and 0.01 m glucose, in a final volume of 3 ml. When 
included in the medium, the concentration of FDP and pyru- 
vate was 3.3 X 10-* m and 0.01 M, respectively. 

When S was the source of the enzymes, 0.15 ml per flask 
(representing 30 mg, wet weight, of whole rat brain) was used. 
In studies of mitochondrial stimulation of supernatant glycoly- 
sis, 0.15 ml of M (also representing 30 mg of whole rat brain) 
was added. When the glycolytic activity of mitochondria alone 
was studied, 0.45 ml of the suspension, M, was used (repre- 
senting 90 mg of whole rat brain). 

Oxidative phosphorylation was determined as described else- 
where (5). Lactate was determined by the method of Barker 
and Summerson (6), and pyruvate by the method of Tonhazy 
et al. (7). Protein was determined by means of the Biuret 
reaction (8), with bovine serum albumin as standard. Yeast 
hexokinase (Type V, Sigma Chemical Company) contained 
540,000 K.M. units per g (approximately 40% pure). Crys- 
talline aldolase (muscle), crystalline lactic dehydrogenase (mus- 
cle), crystalline 3-phosphoglyceric phosphokinase (yeast), and 
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Fig. 1. Total micromoles of lactate formed in the standard in- 
cubation medium (A) and medium containing FDP (B) during a 


30-minute incubation period as a function of the amount of yeast 
hexokinase added per Warburg flask. 


crystalline glyceraldehyde phosphate dehydrogenase (muscle) 
were all obtained from Sigma Chemical Company. 


RESULTS 


Effect of Hexokinase—The fraction S required hexokinase for 
maximal glycolytic activity, both in the presence and absence 
of an equivalent amount of mitochondria, as shown in Fig. 
1. It is to be noted that in the absence of added FDP, excess 
hexokinase began to inhibit lactate formation. The optimal 
amount of yeast hexokinase was 30 wg per Warburg flask; be- 
yond this concentration, lactate formation was gradually inhib- 
ited so that when the amount of hexokinase was 120 yg the 
amount of lactate equaled that amount formed in the absence 
of hexokinase. 

Mitochondrial glycolysis was increased 40 to 50% in the pres- 
ence of an added optimal amount of hexokinase when glucose 
was the only substrate. In the presence of FDP and glucose, 
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Fra. 2. Total micromoles of lactate and pyruvate formed per 3 

ml of incubation medium as a function of time by 0.15 ml of super- 

natant and 0.15 ml of supernatant in combination with an equiva- 

lent amount of mitochondria incubated in the presence and ab- 

sence of added FDP. Optimal concentration of hexokinase was 
included in the medium. 
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Fria. 3. Total micromoles of lactate formed as a function of time 
in a standard incubation medium containing added FDP and pyru- 
vate by 0.15 ml of supernatant, an equivalent amount of mito- 
chondria, and the supernatant and mitochondria, together. Opti- 
mal amount of hexokinase was included in the medium. 


maximal glycolysis was achieved in the absence of added yeast 
hexokinase and its addition had no effect. 

Mitochondrial Stimulation of Glycolysis by Supernatant—Fig. 
2 represents a time-course study on the accumulation of lac- 
tate and pyruvate by S and S plus M. The medium con. 
tained the optimal amount of added hexokinase for maximal 
glycolysis. On the basis of these results, the rate-limiting step 
in glycolysis appeared to be below FDP. Exogenous FDP had 
no effect on the rate of lactate accumulation, either on S or § 
plus M, since the slope of the linear portion of the curve was 
identical. In the case of S, the absolute amount of lactate 
produced is higher at any time period in the presence of FDP, 
since the initial lag period is shorter. The addition of an equiva- 
lent amount of mitochondria raised the rate of glycolysis about 
65%. The supernatant possessed a rate-limiting step below 
FDP, which was partially overcome by the addition of mito- 
chondria. 

In the presence of pyruvate, the addition of an equivalent 
amount of mitochondria to S more than doubled the rate of 
lactate formation, whereas M alone glycolyzed at a very low 
rate (Fig. 3). Whereas S alone formed 0.134 umole of lac 
tate per minute and M alone formed 0.034 umole of lactate 
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Fic. 4. The total micromoles of lactate accumulated in the 
standard incubation medium supplemented with FDP and optimal 
hexokinase during a 30-minute incubation period as a function of 
added aldolase. 
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Fic. 5. Kinetic curves demonstrating the total micromoles of 
lactate and pyruvate accumulated as a function of time per War- 
burg flask by supernatant alone, supernatant plus optimal aldo- 
lase, supernatant plus equivalent amount of mitochondria, and the 
supernatant plus mitochondria plus optimal aldolase combined. 
Glucose was the sole substrate. Optimal concentration of hexo- 
kinase was included in the medium for each incubation. 


per minute, the combined fractions formed 0.307 wmole of lac- 
tate per minute. 

Addition of Aldolase—The addition of crystalline aldolase to 
§ in the presence of optimal hexokinase stimulated glycolysis 
(Fig. 4); as in the case of hexokinase, excess aldolase inhib- 
ited glycolysis. The addition of an optimal amount of aldo- 
lase (50 wg) to S in the presence of added hexokinase stimu- 
lated the rate of lactate formation to the level achieved by 
the addition of an equivalent amount of M (Fig. 5). 

Addition of Other Enzymes to Supernatant—Whereas aldolase 
stimulated the glycolysis of S in the presence of hexokinase, 
glyceraldehyde phosphate dehydrogenase had no effect. Lactic 
dehydrogenase stimulated only at high concentration; 380 ug 
of “lactic dehydrogenase” stimulated glycolysis to the same ex- 
tent as 50 wg of crystalline aldolase. When 3-phosphoglyceric 
kinase was added there was a slight inhibition which became 
marked upon the further addition of an optimal amount of aldolase 
(Table I). All of these experiments were performed with FDP 
and glucose as substrates. 


TABLE I 


Effect of 3-phosphoglyceric phosphokinase on the rate of lactate 
formation by supernatant and mitochondria 

Supernatant and mitochondria were incubated in the presence 
(40 wg) and absence of added 3-phosphoglyceric phosphokinase 
with glucose and FDP as substrates. The values given represent 
umoles of lactate per minute, as determined from the slope of the 
activity versus time curves. An optimal concentration of hexo- 
kinase was included in all experiments. 








Added 3-phos- 
Experiment Enzymes Control on Inhibition 
|phosphokinase 
umoles/min % 
1 Supernatant 0.108 0.087 19 
2 Supernatant 0.151 0.128 15 
Supernatant + 0.273 0.103 63 
aldolase 
3 Mitochondria 0.179 0.099 45 
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TaBie II 


Ratio of pyruvate to lactate formation during 
anaerobic glycolysis 
The ratio of pyruvate to lactate accumulation at the end of 1 
hour of incubation and the ratio of the rate of pyruvate to lactate 
formation during the last 4 hour of anaerobic glycolysis by 8, M, 
LSX, and LSR and various combinations of these enzyme frac- 
tions. The values are the average of two experiments agreeing 
within 8%. An amount of enzyme equivalent to 30 mg of whole 
rat brain was used in all cases except M and LSX when 0.045 of 


whole rat brain was used. 








Ratio, total |Ratio, pyruvate 

umoles of (wmoles/min) to 

Enzyme Fraction* Substrate P+ wera hey -— ~ pd 

lactate at end of} final 30 min of 

incubation incubation 

Ss Glucose 0.09 0.15 
S+M Glucose 0.07 0.10 
8 Glucose + FDP 0.10 0.17 
Ss+M Glucose + FDP 0.12 0.13 
M Glucose + FDP 0.01 0.03 
LSX +58 Glucose + FDP 0.10 0.14 
LSX Glucose + FDP 0.16 0.32 
S + LSR Glucose + FDP 0.06 0.12 
S+ LSX + LSR| Glucose + FDP 0.09 0.14 
LSR + LSX Glucose + FDP 0.03 0.12 














Pyrwate Formation—With the exception of intact mitochon- 
dria, all systems accumulated appreciable amounts of pyruvate 
during prolonged anaerobic incubation. Lactate accumulated 
at a linear rate with glucose and FDP as substrates within 
10 to 15 minutes of incubation. Appreciable amounts of pyru- 
vate, however, were not formed until 30 minutes of incubation, 
at which time pyruvate formation proceeded at a linear rate. 
The total amount of lactate and pyruvate formed and the rate 
of lactate and pyruvate formation during the last 30 minutes 
of the 1-hour incubation period are shown in Table II. The 
pyruvate-lactate ratio was generally around 0.10 at the end of 
the incubation, the value being somewhat higher for the ratios 
of the rates. Intact mitochondria formed only a small amount 
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Fig. 6. Total micromoles of lactate accumulated by incubation 
of 0.45 ml of mitochondrial suspension (3 times the concentration 
of mitochondria used in stimulation of glycolysis of the superna- 
tant) in a standard incubation medium, standard medium supple- 
mented with FDP, and a standard medium supplemented by FDP 
and pyruvate, as a function of time. The medium contains an 
optimal concentration of hexokinase. 











| 
K 
| 
i} 
if 
wl 










1850 


TaBLe III 


Percentage of aldolase and glycolytic activity remaining in 
mitochondrial residue after various treatments 


Mitochondria were treated by suspending once-washed mito- 
chondria in 20 ml of solutions indicated per rat brain. An equiva- 
lent amount of mitochondria was washed in 20 ml of 0.25 m sucrose 
containing 10-*m EDTA. The rate of lactate formation was de- 
termined by the slopes of kinetic curves. The percentages given 
represent the activity remaining in the treated mitochondrial 
residue as compared to the rate of the mitochondria washed in 0.25 
mM sucrose. Aldolase was assayed by the method of Sibley and 
Lehninger (11). 











Lactate formation 
Treatment Aldolase* 
Glucose + Glucose ++ 
Glucose FDP bs oo 
% % % % 
0.25 m sucrose + 0.005 m 
IME a.30 occ wasurtye oleae oats 0 45 77 
>: a ae 0 60 59 
go Se ee 0 11 31 78 
0.06. Tris; pH $.4........... 0 11 31 
0.02 m Tris pH 8.4 + 0.005% 
Isuryi sulfate. ............+. 0 ll 31 65 
0.02 m Tris, pH 8.4 + 0.05% 
lauryl sulfate.............. 0 6 18 44 

















* Total aldolase activity (100%) = 22 umoles of triose P per 
hour per mg of protein. 


TaBLe IV 


Effect of treatment of mitochondrial ‘‘tan’’ layer with various 
concentrations of lauryl sulfate on oxidation 
and phosphorylation 


‘‘Tan’”’ mitochondria were prepared by homogenizing one rat 
brain in 10 ml of 0.25 m sucrose containing 10-* m EDTA, centri- 
fuged at 600 X g and again at 1500 X g for 10 minutes, discarding 
both residues, and recentrifuging at 12,000 X g for 15 minutes. 
The mitochondria were then suspended in 20 ml of 0.25 m sucrose 
containing 10-* m EDTA, recentrifuged at 12,000 X g for 15 min- 
utes. The fluffy white layer and supernatant were decanted and 
discarded. This step was repeated and a tan mitochondrial pel- 
let obtained, containing most of the oxidative and phosphoryla- 
tive activity of the original pellet. This pellet was treated with 
0.02 m Tris, pH 8.4, containing lauryl sulfate and was centrifuged 
at 12,000 X g for 15 minutes. The percentage of protein of the 
“tan’’ pellet centrifuging down at 12,000 X g after the Tris-lauryl 
sulfate treatment is given in the table. 












































. Pyruvate Succinate 

tration of Protein, 

lauryl | ent) Specific Specific 
€ |sulfate in| fused activit: acti it 
2 | 0.02 « [down at O: up- iootee PO. Oz up- te sa PO. 
£ Tris, . Ty take O:/ = juptake P:0 take O:/ _=juptake P:0 
& | pH 8.4 min/mg min/mg 
Ps] protein) protein) 
iii % % \patoms umoles mks patoms pmoles Bae: 
1/0 71 =| 4.75) 0.144 |14.96)3.15| 6.70) 0.200 |10.52)1.57 
2/ 0.005 | 68 | 5.13) 0.136 |14.58/2.84) 6.57) 0.175 | 8.13]1.24 
3 | 0.015 | 60 | 1.95) 0.068 | 4.20/2.15| 4.86) 0.182 | 3.96/0.82 
4} 0.025 | 50 | 1.54) 0.053 | 1.98/1.29) 3.21) 0.113 | 1.39/0.43 
5 | 0.05 33 | 0 0 0 0 2.52} 0.100} 0 (0 
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of pyruvate: in the experiment represented in Fig. 6, mito- 
chondria did not accumulate any pyruvate after 70 minutes. 
On the other hand, LSX gave high pyruvate-lactate ratios. 

Mitochondrial Glycolysis—The glycolytic activity of M in the 
presence of an optimal amount of hexokinase with glucose as 
substrate increased only slightly upon the addition of FDP 
and pyruvate and not at all with the addition of FDP alone 
(Fig. 6). The linear portion of the curve, representing the true 
rate of lactate formation, was the same for glucose and glucose 
plus FDP, and was only slightly higher when pyruvate was 
present in addition to FDP. No lactate was formed in the 
presence of pyruvate alone. Thus, there was no lactate for- 
mation by means of dismutati®n of pyruvate (9, 10). From 
Fig. 6 it can be seen that the amount of lactate formed at any 
time was greatest when pyruvate and FDP were present in 
addition to glucose, and least when glucose was the sole sub- 
strate. This difference was due entirely to a shortening of the 
initial lag period; the actual rates are nearly the same in all 
cases. 

Addition of Purified Enzymes to Mitochondria—The addition 
of glyceraldehyde phosphate dehydrogenase, lactic dehydrogen- 
ase, and aldolase did not increase the rate of mitochondrial 
glycolysis, whereas 3-phosphoglyceric phosphokinase inhibited 
at low concentrations (10 wg per flask). 

Effect of Washing Mitochondria with 0.25 mu Sucrose Contain- 
ing 10-* wm EDT A—The mitochondria used in these experiments 
were routinely washed once in 0.25 m sucrose after their initial 
isolation. Washing two additional times resulted in a 20 to 
25% reduction in the rate of lactate formation with either glu- 
cose or glucose plus FDP as substrates. These mitochondria 
exhibited an increase in the initial lag as well as a decrease 
in rate. This was especially true when glucose was the sole 
substrate. 

Disruption of Mitochondria—The once-washed mitochondrial 
pellet was treated with various agents and recentrifuged, and 
the glycolytic activity of the residue was tested. All of the 
various procedures resulted in a complete loss of activity when 
glucose alone was the substrate (Table III). When once-washed 
mitochondria were exposed to either 0.25 m sucrose containing 
0.005% magnesium chloride or isotonic potassium chloride, there 
was a considerable loss in activity when FDP or FDP and 
pyruvate were present in addition to glucose. Water did con- 
siderably more damage, whereas exposure of mitochondria to 
0.02 m Tris buffer, pH 8.4, containing 0.05% sodium lauryl 
sulfate removed almost all of the activity. Upon treatment 
with isotonic sucrose there was only a slight loss of mitochon- 
drial aldolase, whereas treatment with 0.005% and 0.05% lauryl 
sulfate resulted in a 35% and 56% loss, respectively. 

The mitochondrial pellet used routinely in these experiments 
included two kinds of particles which are distinguishable upon 
centrifugation. One is a heavier tan layer, the other a fluffy 
white layer which sediments at 12,000 x g. Treatment of the 
pellet containing both particles with 0.05% sodium lauryl sul- 
fate in 0.02 m Tris buffer, pH 8.4, solubilized 22% of the total 
protein of the particulates. If the mitochondrial pellet is re- 
centrifuged at 12,000 xX g after resuspending in 0.25 m su- 
crose, much of the white layer can be removed by decantation, 
the tan layer being retained. The tan layer contains 85% of 
the oxidative and phosphorylative activity of the original mi- 
tochondrial pellet, as well as most of the glycolytic activity. 
Upon treatment of the tan layer with increasing concentration 
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Fic. 7. Total micromoles of lactate and pyruvate formed by 
0.02 m Tris buffer, pH 8.4, water, and 0.02 m Tris buffer, pH 8.4, 
containing 0.05% lauryl sulfate extracts of mitochondria, in (A) 
standard incubation medium containing FDP, and (B) standard 
incubation medium containing FDP and pyruvate, as a function 
of time. All incubations were carried out in the presence of added 
yeast hexokinase. 


10 20 30 2 30 470 © 


of sodium lauryl] sulfate (in 0.02 m Tris buffer, pH 8.4), there 
is a progressive loss of the oxidative and phosphorylative ac- 
tivity of the residue (Table IV). At 0.05% lauryl sulfate, only 
33% of the total protein of the tan layer remained in the resi- 
due centrifuged under the force-time conditions used to isolate 
the original mitochondria; the oxidative and phosphorylative 
activity was completely abolished. 

Glycolytic Activity of Mitochondrial Extracts—A comparison 
was made of the glycolytic activity of mitochondrial extracts 
prepared in various ways (Fig. 7). Whereas the Tris-laury] 
sulfate treatment yielded an extract capable of thrice the rate 
of lactate formation of the water extract, and twice the rate 
of the Tris extract when glucose and FDP were the substrates, 
all three extracts formed lactate at similar rates when pyruvate 
was also present. As was the case with the supernatant, the 
extracts required added hexokinase for maximal glycolysis with 
glucose plus FDP. When glucose alone was used, the glyco- 
lytic rate was dependent upon the concentration of exogenous 
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Fig. 8. Total micromoles of lactate and pyruvate accumulated 
as a function of time by LSX in the presence of optimal hexokinase 
and excess hexokinase compared to LSX supplemented with LSR 
in the presence of optimal hexokinase. LSX and LSR combined 
reconstitute the glycolytic rate of the original mitochondria. 
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TABLE V 


Rate of lactate and pyruvate formation by supernatant alone and 
in combination with mitochondrial residue (LSR) and 
mitochondrial extract (LSX) 


All systems contained an optimal amount of hexokinase with 
FDP and glucose as substrates. The amount of enzyme in each 
flask was equivalent to 30 mg of whole rat brain (see text). The 
rate was determined from the slope of the linear portion of the 
kinetic curves. 











umoles Lactate 
and vate | % Stimulation 
found per min 
Experiment 1 
1. Supernatant alone.............. 0.250 
2. Supernatant + LSX............ 0.310 24 
3. Supernatant + mitochondria... 0.430 75 
4. Supernatant + LSX + LSR.... 0.430 75 
Experiment 2 
1. Supernatant alone.............. 0.228 
2. Supernatant + LSX............ 0.305 34 
3. Supernatant + LSR............ 0.278 22 
4. Supernatant + LSX + LSR.... 0.368 61 








hexokinase, an excess being inhibitory to lactate formation. The 
water extract did not form lactate when glucose was the sole 
substrate, either in the presence or absence of hexokinase. 

Requirement for Nicotinamide—Whereas supernatant and the 
mitochondrial extracts did not require nicotinamide for glycoly- 
sis over a l-hour incubation period, the activity of intact mi- 
tochondria ceased within 10 to 15 minutes in its absence. Since 
treatment of mitochondria with 0.02 m Tris, pH 8.4, contain- 
ing 0.05% sodium lauryl sulfate did not extract the DPNase, 
nicotinamide must be present when glycolysis is carried out 
in the presence of intact or disrupted particulate matter. 

Effect of LSR on LSX—The glycolytic activity of LSX was 
considerably lower than the original mitochondria (Fig. 8). 
When LSR and LSX are combined, the glycolytic rate is re- 
stored to that of the original mitochondria. In an attempt to 
determine whether the presence of ADP-forming reactions were 
responsible for the activation of LSX by LSR, it was found that 
the addition of excess hexokinase to the LSX did not increase 
the rate of glycolysis (Fig. 8). 

Stimulation of Glycolysis of Supernatant by LSX and LSR— 
LSX did not stimulate the glycolysis of S to the same extent 
as did the original mitochondria or aldolase (Fig. 4). The com- 
parative rates are shown in Table V. LSR and LSX are both 
necessary for maximal stimulation of S, thereby reconstituting 
the original supernatant plus mitochondrial system. All of these 
experiments were performed in the presence of an optimal con- 
centration of hexokinase. The drastic treatment of mitochon- 
dria with 0.05% sodium lauryl sulfate in 0.02 m Tris buffer, 
pH 8.4, provided a mitochondrial residue which, although barely 
able to glycolyze, still retained a considerable amount of en- 
zymes which determine the rate of lactate formation of the 
supernatant-mitochondrial system or the original homogenate. 


DISCUSSION 


The addition of an equivalent amount of mitochondria to 
the supernatant obtained from rat brain homogenate increased 
the rate of glycolysis approximately 2-fold, an effect probably 
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due to the presence of hexokinase and ATPase in the mito- 
chondria. A comparable stimulation was produced by the ad- 
dition of an optimal amount of yeast hexokinase to the super- 
natant. Under these conditions, however, the presence of an 
equivalent amount of mitochondria resulted in an additional 
2-fold increase in the glycolytic rate. The finding that aldolase 
will produce the same stimulation of the supernatant as the 
addition of an equivalent amount of mitochondria indicates that 
this enzyme is rate-limiting in the supernatant. Therefore, the 
mitochondrial stimulation under conditions wherein ADP is no 
longer limiting is probably due to the presence of aldolase in 
the mitochondria. 

Although the addition of an equivalent amount of mitochon- 
dria to the supernatant, in the presence of hexokinase, can 
double the rate of glycolysis, the mitochondria alone glycolyze 
at one-fourth the rate of the supernatant. It appears, there- 
fore, that the stimulation of supernatant glycolysis by mito- 
chondria is due largely to the mitochondrial aldolase. 

The fact that mitochondria can control the rate of glycoly- 
sis of the supernatant by providing two enzymes (hexokinase 
and aldolase) that are rate-limiting in the supernatant may be 
of physiological significance. In this regard it is worth noting 
that these enzymes are bound more tightly to mitochondria 
than are other glycolytic enzymes. Drastic treatment with Tris- 
lauryl sulfate did not completely remove the aldolase from the 
mitochondrial fragments, whereas the purest preparation of brain 
hexokinase is particulate (12). 

The presence of glycolytic enzymes within brain mitochon- 
dria has a number of interesting consequences. The confine- 
ment of a soluble multienzyme system within a small region 
would be expected to radically change the reaction kinetics of 
the system, in addition to influencing other properties of the 
mitochondrial system such as oxidative phosphorylation. By 
virtue of their content of hexokinase and aldolase, brain mi- 
tochondria can act synergistically upon the glycolytic activity 
of the supernatant. The presence of glycolytic enzymes in the 
mitochondria is indicative of the important role of mitochon- 
dria in regulating the respiratory metabolism of neural tissue, 
particularly since glucose is its chief substrate. Indeed, since 
most of the hexokinase in brain is associated with particulates 
(12) neural glycolysis is largely dependent on mitochondria. 
Since mitochondria are known to be localized in particular regions 
of the neuron (13), not only oxidative phosphorylation, but 
glycolysis itself in a particular region of the cell would be largely 
determined by the concentration of mitochondria in that re- 
gion. Although the distribution of mitochondria in the nerve 
cell body is rather uniform, their presence in the axon and 
dendrites is localized in such areas as the nerve endings, nodes 
of Ranvier, Schwann cells, and axon hillock (13). Such areas 
are believed to be the critical ones with regard to nerve con- 
duction; and the concentration of mitochondria at nerve end- 
ings may be associated with the elaboration of ATP-dependent 
chemical transmitters such as acetylcholine. 

The demonstration that added enzymes not only stimulate 
but also depress glycolytic activity suggests the existence of 
regulatory mechanisms for respiratory and energetic metabolism. 
It is conceivable that such control may have priority over such 
factors as the ADP-ATP ratio, since this ratio itself is affected 
by the proportionate amounts of the different enzymes involved 
in glycolysis. An excess of a particular enzyme may serve to 
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raise or lower the ADP-ATP ratio, which in turn will effect 
the rate of glycolysis. The sensitivity of the system to added 
enzymes emphasizes the fact that biological control must be 
operative in the mechanism of enzyme synthesis. 

The glycolytic enzymes are more readily removed from the 
brain mitochondria than the oxidases and phosphorylative com- 
plex. It has not been possible to demonstrate any reabsorp- 
tion of glycolytic enzymes by mitochondria treated with water, 
therefore some structural relationship has been apparently al- 
tered. Of special significance is the fact that even after treat- 
ment with lauryl sulfate, a procedure destroying all phospho- 
rylative activity, the mitochondrial residue is still capable of 
activating the glycolysis of the supernatant. Furthermore, the 
lauryl sulfate extract required supplementation with the mito- 
chondrial residue to regain the glycolytic activity of the origi- 
nal mitochondria. 

Two observations indicate that the nature of mitochondrial 
binding of glycolytic enzymes differs from that of the oxidative 
and phosphorylative enzymes. In the first place, mitochondrial 
glycolysis requires added DPN, whereas oxidative reactions do 
not (4); and, secondly, glycolytic enzymes are attached to the 
mitochondria in a manner permitting removal of glycolytic ac- 
tivity under conditions which do not seriously affect mitochon- 
drial oxidation and phosphorylation. It is not clear whether 
the glycolytic enzymes are attached to the surface of the mi- 
tochondria or are present within the mitochondria themselves. 
The strong attachment of some of the glycolytic enzymes, par- 
ticularly aldolase, on the other hand, would rule out the pos- 
sibility that mitochondrial glycolysis is an artifact caused by 
the technique involved in isolation. 

Preliminary observations with embryonic brain suggest that 
even a greater proportion of the total glycolytic activity is 
associated with particulates. Since embryonic neural tissue is 
dependent more on glycolysis than oxidative activity (14), fur- 
ther investigations of embryonic brain may help elucidate the 
nature and significance of glycolysis in cytoplasmic particulates. 


SUMMARY 


1. The addition of yeast hexokinase approximately doubles 
the rate of glycolysis of the supernatant prepared from rat 
brain homogenates. The amount of hexokinase added is criti- 
cal since an excess will inhibit if the only substrate is glucose. 
This inhibition is not observed when the medium is supple- 
mented with fructose 1 ,6-diphosphate. 

2. In the presence of an optimal amount of added hexokinase, 
the addition of an equivalent amount of mitochondria to the 
supernatant will cause an additional 2-fold increase in the rate 
of lactate formation. The mitochondria, by themselves, glyco- 
lyze at a rate one-fourth that of the supernatant. 

3. The addition of crystalline aldolase, as well as hexokinase, 
will stimulate the rate of lactate formation by the superna- 
tant to the same extent as the mitochondria. 

4. Exposure of brain mitochondria to mild conditions which 
do not affect oxidative phosphorylation removes a major por- 
tion of the mitochondrial glycolytic activity, and the soluble 
extracts obtained are capable of glycolyzing. 

5. Exposure of the mitochondria to conditions which drasti- 
cally alter the mitochondrial integrity fail to remove all of the 
glycolytic enzymes. The residue is still required for maximal 
stimulation of glycolytic rate of the supernatant. The mito- 
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chondrial extract obtained by lauryl sulfate treatment fails to 
glycolyze at the rate of the original mitochondria. Combining 
the mitochondrial residue with the extract restores the activity 
to that of the untreated mitochondria. Only about 50% of 
the aldolase is removed from the particulates by such treat- 
ment. 
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It has been shown previously that the mode of entrance of 
pyruvate into the tricarboxylic acid cycle of the liver is influenced 
by the nutritional status of the animal. The distribution of 
isotopic carbon in glutamic acid after the administration of 
alanine-2-C™ or pyruvate-2-C" is reproducible in a series of rats 
in the same nutritional status (1, 2). 

This report describes a comparative study of the isotope dis- 
tribution of glutamic acid derived from liver, kidney, skeletal 
muscle, brain, and spleen. It was found that each organ has a 
specific pattern which is altered to a different extent by fasting. 
An attempt was made to correlate these findings with some 
known metabolic events in these tissues. 


EXPERIMENTAL PROCEDURE 


The procedure was that previously described (1). pu-Ala- 
nine-2-C™ was used as the tracer in both fasted and fed animals. 
Tissue was excised from groups of three rats and each organ or 
tissue pooled. 


RESULTS 


The pattern of radioactivity expected in glutamic acid after 
administration of alanine-2-C™ and the variations which should 
occur according to the mode of entrance of the radioactive car- 
bon into the tricarboxylic acid cycle have been previously dis- 
cussed (1). It is to be noted that radioactivity in carbon 5 sug- 
gests oxidative decarboxylaction of pyruvate-2-C" to acetyl-1-C™ 
CoA, whereas radioactivity in carbons 3 and 2 of glutamate 
suggests carboxylation of pyruvate to a dicarboxylic acid. 

It is further noted that absence of significant labeling of car- 
bon 4 of glutamate indicates little or no formation of acetyl-2-C™“ 
CoA and eliminates the possibility of this mechanism contrib- 
uting to the radioactivity of carbons 3, 2, and 1. When there 
is considerable radioactivity in carbon 4 of glutamate, the most 
reasonable explanation is that this represents two successive 
decarboxylations of dicarboxylic acids to pyruvate and acetate, 
so long as the radioactivity of carbons 3 and 2 of glutamate is 
sufficiently high to make this tenable. Where the amount of 
labeling in carbon 4 is in excess of that in carbon 3 or 2, however, 
one should look for more complex interpretations (3). 

Liver—As shown in Table I, the data for the liver of fasted 
animals (SL) are similar to those previously reported (1). The 
pattern of isotope distribution in livers of fed animals (FL) is 
similar to that of FT in the proportion of pyruvate entering the 
tricarboxylic acid cycle by oxidative decarboxylation as indi- 
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cated by labeling in carbon 5. Both FL and FT were obtained 
from animals which had been fed ad libitum, and then given 
2.5 g of glucose by stomach tube 30 minutes before administra- 
tion of isotope. FL, however, was obtained from normal rats, 
whereas FT represents a rat which was host to a subcutaneously 
implanted Murphy-Sturm lymphosarcoma. In contrast, F was 
obtained from the liver of a normal rat fasted 40 hours and then 
given 2.5 g of glucose 30 minutes before isotope injection. The 
relative proportion of isotope in carbon 5 of liver glutamate of 
rat F was intermediate between that of the fasted animals and 
that of animals fed ad libitum and given glucose. It is evident 
that the findings in FT are not a consequence of the fact that this 
animal was a tumor host, but related to its state of nutrition. 
It seems, therefore, that the change in pyruvate metabolism in 
the liver which is seen in the fasted animal is not immediately 
and completely reversed upon the administration of carbohy- 
drate, but that any pattern between the extremes of SL and FL 
can be obtained, depending on when the animal was given glu- 
cose, the duration of its previous fast, and how much carbohydrate 
was given. It is suggested that in the liver, there may be a 
relationship between glycogen stores and the proportion of pyru- 
vate entering the tricarboxylic acid cycle by oxidative decar- 
boxylation. 

Skeletal Muscle—Glutamate from the skeletal muscle of a 
fasted animal (SM) shows that a considerably greater proportion 
of pyruvate entering the tricarboxylic acid cycle is converted to 
acetyl-CoA than in the liver of fasted rats. In the well fed 
(FM) animals the extent of conversion to acetyl-CoA is perhaps 
even more impressive, since 53% of the radioactivity in carbon 
5 of glutamate is not far from the theoretical maximum of 66.7% 
at infinite cycles (1). In neither case was there extensive labeling 
of carbon 4. It appears that pyruvate is rapidly converted to 
dicarboxylic acids in the fasting animal, and that the muscle 
conserves carbohydrate for dicarboxylic acid synthesis, although 
not as well as the liver does. In this state considerable acetyl- 
CoA must be derived from noncarbohydrate sources, presumably 
fat. In the fed animal, skeletal muscle responds with an exten- 
sive shift of the pathway of pyruvate utilization in the tricar- 
boxylic acid cycle, to acetyl-CoA formation. 

Kidney—Patterns of radioactivity of glutamic acid derived 
from kidney differ from those of skeletal muscle and liver. In 
both the fasted (SK) and fed (FK) states a high proportion of 
radioactivity was found in carbon 5 of glutamate. The isotope 
entered the tricarboxylic acid cycle by oxidative decarboxyla- 
tion of pyruvate-2-C™ to acetyl-1-C“ CoA. There was a shift 
from the fasted to the fed states, but strikingly less than in the 
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TABLE I 
Relative activity of individual carbon atoms of glutamic acid 
































Percentage of total activity in each 
——s Activity —_— Sum 
1 3 3 4 5 
pn A 

Liver 

cutee a 418 11.3 | 26.4 | 55.3 | 0.4] 3.5] 96.9 

| | Sa rere 381 12.6 35.5 

Pe. 2.ae 305 15.3 | 18.1 | 40. 1.1 | 20.3 | 95.5 

Pe cee 285 20.5 | 12.3 | 19.2] 2.0 | 40.4] 94.4 
Muscle 

ee ee 89.8 | 17.6 | 26.9 | 35.5 | 1.7 | 15.6 | 97.3 

| ee 56.7 | 24.2 | 5.4 | 10.6] 0.0] 53.0 | 93.2 
Kidney 

ee 1037 16.9 |°8.5 | 16.0] 1.5) 51.2] 94.1 

| Sess 819 18.1 | 6.8f | 12.8} 1.4 | 60.9 
Spleen 

eae 242 17.3 | 28.3 | 40.0] 3.5 | 12.2 | 101.3 

\ gt PR i 24.2| 8.7 .| 12.3 | 3.7 | 54.7 | 103.6 
Brain 

Mer... JURE 1428 21.4 | 5.7 | 11.3 | 18.0 | 34.9 91.3 

See 168 26.0 | 4.2 7.4) 18.5 | 39.2 | 95.3 





* Data from a previous publication (1). 
} By difference. 
t Data from a previous publication (3). 


muscle and liver. 
mate was found. 

Spleen—Spleen, a normal tissue rich in lymphocytes, is 
somewhat comparable to the Murphy-Sturm lymphosarcoma 
previously examined. The values for carbon 5 in fasted (SP) 
and fed (FP) animals are comparable to these values in muscle, 
and reminiscent of values in the lyphosarcoma, but by no means 
identical. The spleen utilized a smaller portion of pyruvate 
entering the tricarboxylic acid cycle as acetyl-CoA in the fasted 
animal than did the tumor. In the fed animal, a considerably 
larger portion entered as acetyl-CoA. As was previously re- 
ported (1), a noteworthy feature of the pattern in tumor was 
the considerable labeling found in carbon 4 of glutamate. This 
was interpreted as being due to more extensive decarboxylation 
of dicarboxylic acids to pyruvate and then to acetyl-CoA. The 
carbon 4 labeling of spleen is proportionally midway between 
that of liver, muscle, and kidney, where it was small or insignifi- 
cant, and lymphosarcoma, where it was 8 to 10% of the total 
radioactivity. Although it has been suggested (2) that the 
pattern in the lymphosarcoma might be that of normal lymph- 
oid tissue, it is seen that the pattern of the spleen is neither that 
of the other normal tissues nor that of the lymphosarcoma. 

Brain—The data on brain have been reported in detail else- 
where (3), but they are included here also to demonstrate the 
wide divergence of pattern possible in several organs of the same 
animal. It is to be noted that alone of the tissues studied, 
neither fasting nor feeding significantly altered the pattern in 
brain. It is also to be noted that there was extensive labeling 
in carbon 4, exceeding that in carbons 3 or 2, a situation unique 
among the tissues studied. 


No extensive labeling of carbon 4 of gluta- 


DISCUSSION 


One of the significant routes of dicarboxylic acid synthesis is 
the carboxylation of pyruvate by the malic enzyme, using as a 
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cofactor TPNH derived from the HMP! oxidative pathway. 
Rat_liver makes extensive use of the HMP oxidative pathway 
(4); rat_kidney, brain, and skeletal muscle show little or no 
HMP oxidation (5), and spleen may have an active HMP oxida- 
tive pathway based on values obtained from the rabbit (6). 
Determinations of TPN and TPNH (7) have indicated that 
total TPN values are very low in rat brain, diaphragm, and 
spleen, moderate in kidney and heart, and high in liver. These 
values were unchanged by a 48-hour fast (8). There is, there- 
fore, no correlation between the HMP oxidation activity or the 
TPN levels and the results reported here. This implies either 
that HMP oxidation activity as measured and TPN values do 
not determine malic enzyme activity, or that dicarboxylic acids 
are made available to the cells by other routes. Carboxylation 
of phosphoenolpyruvate (9) provides such an alternative method, 
although use of this enzyme for synthesis has been criticized 
(10). It is of interest to note that both brain and kidney, which 
show the least change to variations in nutrition in this experi- 
ment, are capable of vigorous utilization of plasma glutamine. 
Since plasma glutamine is already extensively diluted, it would 
be expected to make only a minor contribution to the radio- 
activity of brain and kidney glutamate relative to that of ala- 
nine-2-C, and would provide these two organs with the carbon 
skeletons for their dicarboxylic acids. 

It is clear, therefore, that there is no pattern characteristic for 
the body as a whole, that each organ not only has a pattern 
characteristic for each nutritive state, but also that the degree 
of change consequent upon an alteration in nutrition is specific 
and different for each tissue studied. Indeed, it might well be 
that each cell strain would yield a different pattern and the 
various cell types in each of the organs studied would demon- 
strate differences as great as that between carcass and some of 
the organs of the carcass. 


SUMMARY 


1. The mode of entrance of pyruvate-2-C™ into the tricar- 
boxylic acid cycle was determined in various tissues of the fed 
and fasting rat by sequential degradation of glutamic acid after 
the administration of pt-alanine-2-C™. 

2. The patterns of radioactivity were different for each tissue 
studied. 


3. A marked response to the nutritive state of the animal was 
noted in liver, skeletal muscle, and spleen. The brain and 
kidney were minimally responsive. It is suggested that this 
may be related to the known utilization of blood glutamine by 
brain and kidney. 
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BrerRNArRD R. Lanpau,{t James AsHmMorE, A. Barrp Hastines,{ anp Syivia Zorru 


From the Department of Biological Chemistry, Harvard Medical School, Boston, Massachusetts 
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The significance of CO: fixation in carbohydrate metabolism 
has been amply demonstrated. Thus, in the incorporation of 
pyruvate carbon into glycogen, CO: fixation via the “dicar- 
boxylic acid shuttle” appears to be a major pathway of py- 
ruvate metabolism (1). Indeed, such fixation of COz by py- 
ruvate to form malate and oxaloacetate may be required 
before the conversion of pyruvate to hexose (2, 3). Also, the 
formation of succinate from propionate appears to require the 
formation of methylmalonate via CO, fixation as an interme- 
diate (4-6). Consideration of these reactions would indicate that 
there should be a definite relationship between the quantity 
of carbon from CO: incorporated into hexose and the quantity 
of pyruvate or propionate carbon incorporated into hexose. 
Liver slice techniques have provided a means of studying these 
relationships at a cellular level, as well as comparing other 
pathways of metabolism of pyruvate and propionate. 

EXPERIMENTAL PROCEDURE 
Material 

Animals—Male albino rats of the Wistar strain, weighing 
about 200 g, were used. They were fed ad libitum on Purina 
chow until the time of sacrifice. 

Medium and Substrates—One gram of liver slices was incu- 
bated in 12 ml of a medium of high potassium content for 90 
minutes, at 37°, under experimental conditions previously de- 
scribed (7). Pyruvate or propionate was present at a con- 
centration of 40 mmoles per liter. The medium was equili- 
brated with 95% oxygen-5% CO: to give a pH of 7.4 to 7.5 
in the presence of the slices. CO. was added, after equili- 
bration, by injection into the closed flask of 0.1 ml of an aqueous 
solution of NaHC"“O;. In most experiments paired flasks were 
used with identical contents, save that in one the CO. was 


labeled and, in the other, the pyruvate or propionate was la- 
beled. 


* This work was supported in part by the United States Atomic 
Energy Commission and the Eugene Higgins Trust, through Har- 
vard University. 

+ Postdoctoral Fellow of the United States Public Health Serv- 
ice, 1957-58. Present address, Western Reserve University, Cleve- 
land, Ohio. 

t Present address, Scripps Clinic and Research Foundation, La 
Jolla, California. 

1 NaHCO; with a specific activity of 28 uc per mg was pur- 
chased from New England Nuclear Corporation, Boston, Massa- 
chusetts. Pyruvate-1-C', pyruvate-2-C™, propionate-1-C™, and 
propionate-2-C™ were obtained from Nuclear-Chicago Corpora- 
tion, Chicago, Illinois. 


Methods 


The chemical and isotopic analyses of glycogen, COs, pyru- 
vate, and fatty acids were as previously reported (8, 9). Me- 
dium glucose was determined by the Somogyi-Nelson method 
(10). Glucose was isolated as the glucosazone following pas- 
sage of the heat-deproteinized medium over a Dowex 1-X1 
column in the sulfate form. Lactate was determined by the 
Barker and Summerson method (11) and isolated from the 
Dowex 1-X1 column effluent and degraded by the method of 
Brin and Olson (12). Appropriate control studies demonstrated 
that by these procedures glucose, fatty acids, and lactate were 
isolated without significant contamination by pyruvate or pro- 
pionate. Propionate was isolated as its benzylthiuronium salt 
(13). 

Counting and calculations were carried out as previously de- 
tailed (14). Results are expressed as micromoles per g of wet 
liver per 90 minutes of incubation. Time studies on the change 
in CO, specific activity during the course of the incubation were 
found to be nearly linear with time. Since in the experiments 
reported, the specific activity of CO. was determined after 90 
minutes of incubation, calculations of the corresponding values 
at 45 minutes have been made and, although the differences are 
small, these values have been used in the calculations of the in- 
corporation of C4 of CO, into the various products. Pyruvate 
specific activity remained unchanged after 90 minutes of incu- 
bation. 


RESULTS 


Liver slices were incubated in paired flasks with a medium con- 
taining pyruvate-1-C™ or -2-C™, or propionate-1-C™ or -2-C™%, in 
the presence of nonlabeled or C-labeled CO:. The incorpora- 
tion of C“ into glycogen, glucose, fatty acids, CO2, and the car- 
boxyl carbon (C-1) and hydroxyl and methyl carbons (C-2,3) 
of lactate was determined after 90 minutes of incubation. The 
results of these experiments are presented in Table I. 

It should be noted that: (a) only a small quantity of C“ from 
CO, was incorporated into glycogen and glucose in the absence 
of pyruvate, compared to the quantity incorporated in the pres- 
ence of pyruvate; (b) about twice as much C™ appeared in gly- 
cogen or glucose when pyruvate-2-C“ was substrate as when 
pyruvate-1-C™ plus CO», or CO, plus nonlabeled pyruvate, was 
substrate; (c) C™ incorporation into glucose and glycogen from 
propionate-C™ was much less than from pyruvate; (d) however, 
approximately one-half as much C from propionate-1-C™ was 
incorporated into glycogen and glucose as from propionate-2-C™. 
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TABLE I 


Pyruvate and propionate metabolism and CO; fixation 


Rat liver slices were incubated by the paired flask technique with C'*-labeled or unlabeled pyruvate or propionate in the presence 
of COs, labeled or unlabeled. C** incorporation is recorded as umoles per g of wet liver per 90 minutes incubation. Each value is 


the mean + the standard error. 



































C* incorporation into 
Experi- No. of 
ment Substrate experi- Lactatet 
ie. —— Glycogen* Glucoset Fatty acids CO: 
C-1 C-2,3 
1 C40, 4 0.4+ 0.1 2.2+0.4/}0.02 + 0.01 
2 CO: + pyruvate 7 7.8+1.1| 8.6 + 0.7 | 0.006 + 0.003 4.8 +0.4| 0.35 + 0.08 
3 CO: + pyruvate-1-C"* 4 6.0 + 0.6 0.002 + 0.001 | 117.0 + 2.4 | 65.0 + 3.3 | 0.00 + 0.00 
4 CO:z + pyruvate-2-C4 8 | 15.8+1.4/16.941.1)3. +0.5 44.6+47.1| 8.141.5| 92.0 + 2.1 
5 C40. + propionate 4 1.7+40.8| 5.1 + 0.7 | 0.002 + 0.002 
6 CO: + propionate-1-C" 4 0.92403) 2.0+0.3/)0.26 + 0.06 21.6 + 1.8 
7 CO: + propionate-2-C'* 4 1.2+0.2| 5.3 40.2| 0.48 + 0.08 84+0.3/) 172404] 3.44 0.2 








* Initial glycogen content averaged 320 umoles per g and final glycogen content 160 umoles per g. 


+ Glucose content was about 100 umoles in the 12 ml of medium 


¢ Lactate formed in Experiment 1 was 7.8 zmoles per g per 90 minutes incubation. 


at the completion of the incubations. 
In the presence of pyruvate the lactate formed 


was near 100 umoles per g and in the presence of propionate it was about 23 umoles. 


COOH COOH COOH 
O OP + CO: 
(a) I CO: | eh pra 8H, 
boon 
COOH COOH COOH 
O CO: b OP + CO, 
oe i, ce. 
boo 
COOH COOH COOH 
bo CO. bop + CO, 
(c) b — 
boon 
Pyruvate Dicarboxylate Phosphoenol- 
pyruvate 


Fic. 1. CO, fixation by pyruvate (a), or CO: fixation by pyru- 
vate-1-C" (b) and randomization via the dicarboxylic acid shuttle 
followed by decarboxylation to phosphoenolpyruvate results in 
the loss of 50% of the incorporated C“. No C* activity would 
be thus lost when pyruvate-2-C" is substrate (c). 


The quantity of C from CO, incorporated into glycogen and 
glucose in the presence of propionate (Experiment 5) was small 
(6.8 umoles) and therefore the quantity incorporated in the ab- 
sence of propionate (Experiment 1; 2.6 wmoles) became propor- 
tionally significant. This latter quantity was presumably the 
result of CO: fixation by endogenous substrate. Thus, the in- 
corporation of C from CO, presumably fixed by propionate 
(4.2 umoles) was of the same magnitude as the quantity of C™ 
incorporated from propionate-1-C™ (2.9 wmoles). Also, it is seen 
in Table I that, although more C“ from CO, or from propionate- 
C“ appeared in glucose than glycogen, in the presence of pyruvate 
about as much C™ appeared in glycogen as in glucose. 

The only significant incorporation of C“ into fatty acids oc- 
curred with pyruvate-2-C™, propionate-2-C™, and propionate-1- 


YIM 


C™,. On the other hand, about one-third as much labeled CO, 
was formed from the 2-C"-labeled substrates as from the 1-C™- 
labeled substrates; and only one-tenth of the total activity of 
lactate was in C-1 when pyruvate-2-C™ was substrate, but one- 
third the activity was in C-1 of lactate when propionate-2-C™ 
was substrate. 


DISCUSSION 


The phosphorylation of pyruvate to phosphoenolpyruvate in 
the liver has been postulated to proceed primarily via oxaloace- 
tate as an intermediate, rather than by direct reversal of glycoly- 
sis (2). The fixation of CO. by pyruvate, followed by randomiza- 
tion of carbon in the “dicarboxylic acid shuttle,” and subsequent 
decarboxylation to phosphoenolpyruvate would result in no 
loss of label when pyruvate-2-C“ was substrate. However, 
when CO, or pyruvate-1-C™ was the labeled substrate, one- 
half the label would be lost during decarboxylation. These 
events are diagrammatically illustrated in Fig. 1. The results 
obtained in this study are consistent with such a formulation, 
and are therefore in accord with the occurrence of fixation of 
CO: by pyruvate before its conversion to hexose. These con- 
clusions are consistent with those drawn from data on the dis- 
tribution of label in glycogen formed from pyruvate-2-C™ (1, 
15). 

Further, it might be expected that the fixation of CO, by pro- 
pionate to form succinate via methylmalonate would involve no 
loss of activity when propionate-2-C™ was substrate, but that 
one-half of the activity would be lost when propionate-1-C™ or 
CO. was substrate. Although the quantity of C“ found in 
glycogen and glucose when propionate was substrate was small, 
the results are in keeping with this expectation. 

It may be concluded from these considerations that, under the 
conditions of our experiments, CO; fixation by pyruvate and pro- 
pionate preceded the subsequent steps required for the conversion 
of these substrates to glucose and glycogen. 

The results also provide additional evidence that propionate 
does not enter the citric acid cycle via pyruvate, for, when pyru- 
vate-2-C™ was substrate, less than 10% of the labeled lactate 
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carbon was in C-1. A similar distribution in lactate has been 
found with the use of a pyruvate concentration of 0.3 mmoles 
per liter, rather than 40 mmoles per liter.2 On the other hand, 
when propionate-2-C™ was substrate, about one-third of the total 
activity of lactate was present in C-1. Shreeve (16) has previ- 
ously noted differences in the conversion of propionate and pyru- 
vate to acetyl groups and to glycogen. 

When C0, or carboxyl] labeled pyruvate was substrate, essen- 
tially no label was incorporated into fatty acids, which is in accord 
with the presently accepted pathways of fatty acid synthesis. 
However, significant quantities of carbon from the carboxyl 
group of propionate did appear in fatty acids. This would in- 
dicate the existence of a pathway other than via the citric acid 
cycle for synthesis of fatty acids from propionate. Feller and 
Feist (17) have previously observed minimal incorporation of 
labeled carbon of propionate-1-C™ into fatty acids of liver, and 
marked incorporation of the carbon into fatty acids of adipose 
tissue. Black and Kleiber (18) have suggested the existence of 
a pathway of propionate metabolism other than via the citric 
acid cycle as a result of their studies of propionate-C" incorpora- 
tion into the amino acids of casein in cow milk. 


SUMMARY 


Pyruvate-1-C™, pyruvate-2-C™, and unlabeled pyruvate in the 
presence of CO, have been incubated with liver slices, using the 
paired flask technique. Similar incubations have been per- 
formed with propionate-1-C™“, propionate-2-C™, and propionate 
in the presence of CO.. The oxidation of the substrates to 
CO; and C* incorporation into glycogen, glucose, fatty acids, 


2B. R. Landau, unpublished experiments. 


Carbohydrate Metabolism in Liver. XV 


Vol. 235, No. 7 


and lactate have been determined. The results are quantita- 
tively in keeping with the occurrence of CO: fixation before the 
conversion of pyruvate and propionate to glucose and glycogen. 
The carboxyl carbon of propionate appears to be incorporated 
into fatty acids by a pathway other than via the citric acid cycle. 
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Previous work (1) has demonstrated that living bone, while 
actively calcifying, could maintain a strontium-calcium ratio in 
its mineral phase that was about 20% lower than that of the 
bathing medium. These experiments also showed that the 
selection against strontium in favor of calcium occurred at some 
point after the initial entry of the alkaline earth metals into 
bone; these results have recently been confirmed for the intact 
rat by Likins et al. (2). 

The possible use of this selection to reduce the body burden 
of radiostrontium and the possibility that the differential han- 
dling of the two minerals might provide some insight into the 
metabolic events in bone warranted further attention to this 
phenomenon. 


EXPERIMENTAL PROCEDURE 


Methods—For this study, it was of interest to investigate 
the uptake and removal of Sr*® and Ca*®, by means of both 
short- and long-term experiments. For the long-term trials, 
the procedures were as previously described (1) in that tibias 
were dissected from 9-day-old chick embryos and glued to the 
walls of 18 X 150 mm Pyrex test tubes by means of a thin 
chicken plasma clot. Two bones were placed in a tube and, 
as in all experiments, there were 10 bones in each experimental 
group. The medium consisted of 33 ml of embryo extract, 67 
ml of dog serum, 10 ue of Ca*®, and 10 ue of Sr®*. The calcium 
content of the media ranged from 9.7 to 12.7 mg per 100 ml. 
Three milliliters of the medium were used for each tube and the 
medium renewed at 2- or 3-day intervals. The tubes were 
incubated at 37° while being rotated in a roller tube apparatus. 

For the short-term experiments, tibias from 12-day-old chick 
embryos were obtained and were incubated without agitation 
in the above medium. Ten bones comprised a group and each 
group was placed in 20 ml of medium. In some instances some 
of the bones were killed by boiling for 2 minutes in 0.9% NaCl 
solution before incubation. At the termination of the experi- 
ment, all the bones were washed twice with distilled water before 
being stored. 

To prepare the samples for counting, individual bones were 
placed in 1-inch diameter stainless steel cups, dissolved in 1 ml 
of 6 N nitric acid, and dried under infrared lamps. Previous 
work had shown that there was not sufficient mass to require 
self-absorption corrections. The samples were counted 21 days 


* A portion of this work was carried out while the author was 
employed in the Division of Chemistry, University of Tennessee, 
Memphis, Tennessee. 

+ Supported in part by the U. S. Atomic Energy Commission 
through Contract AT-40-1-1829. 


later under a Geiger-Miiller tube by means of differential ab- 
sorption of the 8 emissions (3). All counts were corrected for 
decay. The strontium-calcium Observed RatioSpone-medium 
(O.R.) shown in the tables were obtained by dividing the 
Sr*:Ca* ratio in the bone by that of the medium, as proposed 
by Comar et al. (5). 


RESULTS 


Data presented by Van Cleave and Kaylor (4) indicated that 
the ends of bone might discriminate against strontium in favor 
of calcium to a different degree than the shafts of bone; there- 
fore, the experiment described by Table I was performed to see 
if this could be demonstrated in vitro. In addition, it was of 
interest to compare embryonic avian bone to embryonic mam- 
malian bone to ascertain whether they would react similarly. 
For this, femurs and tibias of embryonic rats, 19 to 20 days 
in utero, were obtained and handled as the chick bones. The 
benes were incubated for 7 days in labeled medium at 37° and 
were observed to grow at least 2 mm during this period. At 
the end of this time, half of the bones were assayed for activity; 
the other half were continued on experiment for 5 more days in 
unlabeled medium. As can be seen from Table I, rat and chick 
bone behaved in a like manner, indicating that the response of 
chick bone is not unique. To be noted is that the ends of the 
bones, extremely cartilaginous in nature, took up much less 
activity than did the shafts and that the strontium-calcium O.R. 
was always lower than that of the shafts (p < 0.01). The bones 
demonstrated a marked ability to select against strontium since 
the O.R. was lower than that of the medium. 

When the bones were placed on unlabeled medium, the ratios 
decreased even more (p < 0.05); the ends of the chick and rat 
bones lost, respectively, 51 and 69% of the Ca*®, and the shafts 
18 and 4% of their Ca“ content. It was calculated that during 
this 5-day period 1.12 and 1.19 times as much Sr* as Ca* left 
the ends of the chick and rat bones, whereas 1.28 and 1.97 were 
the removal ratios for the shafts of these same bones. Addi- 
tional experiments, with the use of avian bone, produced values 
agreeing with those of Table I when the serum of the medium 
came from the horse, sheep, dog, chicken, cow, or man. Bones 
obtained from 7-, 9-, or 12-day chick embryos showed similar 
O.R.’s, suggesting that the selection is relatively independent 
of age of the bone. 

The data did not establish definitely that the selection was a 
function of bone and so it was necessary to contrast the O.R.’s 
produced when live and heat-treated bones from 12-day-old 
chick embryos were cultured in the same medium. It was of 
interest to compare bones 48 hours after being placed in the 
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TaBLe I 
Observed Ratio* and Ca*® content of ends and shafts of 
embryonic chick and rat bone during labeling 
and removal-of-label experiment 























Observed Ratio Average Ca‘5 content 
Ends Shafts Ends Shafts 
c.p.m. c.p.m. 
Labeling phase 
EE wicks dca gh 0.69 + 0.02 | 0.75 + 0.01 497 2687 
Nee wee aie 0.44 + 0.03 0.77 + 0.02 129 1202 
Removal phase 
> | re 0.59 + 0.004 | 0.69 + 0.01 245 2194 
MS Sve ces cee 0.37 + 0.05 0.71 + 0.02 40 1155 





9. 45 
* Observed Ratio (O.R.) = Se ee of bone__ 


{~ Mean + standard error of the mean. 





labeled medium (uptake) to others that had been similarly la- 
beled for 48 hours and then put into nonlabeled medium for 48 
hours (removal). Additionally, the bones were cultured at 4°, 
25°, and 37° to determine if the selective mechanism was tem- 
perature-sensitive. The results are shown in Table II. A 
significant finding was that boiling the bones for 2 minutes in 
0.9% NaCl solution destroyed the ability to select against 
strontium in favor of calcium (p < 0.01). The data also point 
out that the selective mechanism of live bone is temperature- 
sensitive (p < 0.01). At 37°, placing the labeled bones, live 
and heat-treated, in a nonradioactive medium resulted in a sig- 
nificant lowering (p < 0.05) of the O.R. for the live bones but 
not for the heat-treated bones. At 4°, both live and heat- 
treated bones showed an increase (p < 0.05) of the Ca:Sr ratio, 
indicating that radiostrontium was better retained than radio- 
calcium. 

An experiment was then run in which the bones were labeled 
live and then half were heat-treated by boiling in 0.9% NaCl 
solution before being put into the unlabeled medium. Under 
these conditions, the heat-treated bones showed no further 
change in the O.R., whereas the live bones continued to lose 


TaB_e II 


Observed Ratio and Ca* content of whole live and heat-treated em- 
bryonic chick bones when maintained for 48 hours at 4°, 25°, 
and 87° with and without radioactivity in medium* 








Calcium and Strontium in Bone 























Observed Ratio Average Ca‘*s content 
Temperature Phase 

Live Dead Live Dead 
c.p.m. c.p.m. 
4° Uptake 1.07 1 S| 745 905 
Removal 1.14 1.20 290 357 
25° Uptake 0.91 1.09 1206 1450 
‘37° ~=«| Uptake | 0.78 1.03 2115 2224 
Removal 0.73 1.00 1721 1698 

Standard error...... 0.008 89 





Sr®:Ca® in bone 


Sr®*:Ca‘*s in medium’ 





* Observed Ratio (O.R.) = 
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Observed Ratio* and Ca* content of bone as affected by 
temperature during uptake and removal experiments 




















Temperature Observed Ratio Average Ca‘® content 
Labeling Removal Ends Shafts Ends Shafts 
c.p.m. C.p.m. 

4° 0.90 1.06 47 579 

4° 37° 0.54 0.82 13 239 

4° 4° 0.87 1.19 21 313 

37° | 0.73 0.95 81 955 

37° 37° 0.55 0.76 27 495 

37° 4° 0.73 0.90 39 862 
Standard error...... 0.09 0.03 5 41 














Sr®:Ca*® in bone 
Sr®*:Ca* in medium’ 





* Observed Ratio (O.R.) = 


more strontium than calcium (p < 0.05). In this experiment 
the live bones lost 25% of the Ca during the period in unla- 
beled medium, whereas the heat-treated bone lost only about 
1%. The data of this experiment implied that a metabolic 
process occurs in live bone that results in a less labile fraction 
of bone salt being formed, that is not formed in the heat-treated 
bone. 

To test this hypothesis and to repeat the test of the effect of 
temperature, an experiment was carried out whereby bones of 
12-day-old chick embryos were labeled for 24 hours at 4° and 
37°. One-third of the bones was harvested at this time, one- 
third was incubated in unlabeled medium at 37° for 48 hours, 
and the remainder in unlabeled medium at 4° for the same 
period of time. In preparing the bones for analysis, the ends 
were counted separately from the shafts to see if both areas 
reacted the same. The data are presented in Table III and 
bring out that the ends of the bones show a lower O.R. than the 
shafts (p < 0.05) and, again, that selection for both ends and 
shafts was altered by low temperatures (p < 0.05). To be 
noted is that even though the bones were held for 24 hours at 
4°, placing them at 37° revived the selective mechanism. When 
the shafts of bones labeled at 4° and put into unlabeled medium 
at 4° are compared to shafts of bones labeled at 37° and then 
shifted to 4°, an important difference is noted for the removal 
process. In the former group about 59% of the radioactivity 
was lost (266 out of 579 c.p.m.), whereas the latter lost only 
10% (93 out of 955 c.p.m.). The difference between the two 
groups thus bears out the postulate that a less labile fraction is 
formed when live bone is cultured at 37°, as compared to live 
bone at 4° or heat-treated bone. 

When bones were cultured for 5 days in labeled medium and 
3 additional days in unlabeled medium, the differences attribu- 
table to temperature again appeared, and, therefore, the results 
were obtainable with both long- and short-term experiments. 

Since the selective mechanism was sensitive to temperature, 
it was of interest to see if it could also be affected by substances 
that interfere with various enzyme systems. Table IV presents 
a group of chemicals that were capable of altering the O.R. or 
the uptake of radioactivity of bones grown for 7 days in the 
presence of the substance. To be noted is that the O.R. and 
the amount of Ca** in the bones could be altered by these mate- 
rials and that an effect could be noted for either one or both. 
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TaBLe IV 


Effect of several levels of some enzyme inhibitors on Observed Ratio* 
and Ca*® content of embryonic chick bones after 7 days of culture 

















Concentration of inhibitor 
Inhibitor Stontevd 
0 10-4 10-* u 

Iodoacetate 

BRIG W ss oc cccenéc 0.72 1.02t 1.00f 0.03 

Ca* content...... 100 184t 165 23 
Arsenite 

SriGe: GOR A 0.75 1.00f 1.00t 0.03 

Ca‘® content...... 100 508 324 20 
Fluoride 

PG see 0.69 0.65 0.78 0.04 

Ca** content...... 100 200t 391f 28 
Cyanide 

SeeCe the asa 0.77 0.71 0.85t 0.03 

Ca‘*® content...... 100 85 320f 27 
Mercury 

Ca ee eee 0.69 0.74 1.05 0.02 

Ca** content...... 100 80 124 17 
Lead 

Bin = cise eeciis 0.72 0.78 0.62 0.03 

Ca** content...... 100 72t 9t 16 
Barium 

eer Aer 0.69 0.55 0.56 0.04 

Ca*® content...... 100 53t 37t 18 
Beryllium 

Cee 2s sarin cick 0.85 0.83 0.74 0.03 

Ca‘ content...... 100 84 62t 26 











Sr®*:Ca* in bone 
r®®:Ca‘*s in medium’ 





* Observed Ratio (O.R.) = 8 


tp < 0.05. 
tp < 0.01. 


The changes included increasing or decreasing of the O.R. and/or 
the amount of Ca** incorporated. It should be mentioned that, 
for the metals used, isotope dilution cannot account for the 
results since at a level of 10-4 m for the added component a de- 
crease of only 4% should have been noted for the Ca“ content, 
whereas at 10-3 m the decrease should have been 27%. 

Other chemicals were tried, such as malonate, bisulfate, guani- 
dine, protamine, lithium, fluoroacetate, glyceraldehyde, and 
azide and were found to have no effect upon either the ratio or 
the Ca*® content. Replacing the air in the cultures with other 
gasses in general had no effect upon the O.R. Replacing the 
air with oxygen doubled the Ca** content of the bones, whereas 
replacing with carbon dioxide halved the uptake, and substitu- 
tion by a nitrogen atmosphere had no effect. 


DISCUSSION 


The data presented here definitely establish that bone, as well 
as the kidney and the digestive tract (5), does possess the ability 
to select against strontium in favor of calcium. The use of 
organ culture removed the masking influence of the kidney and 
other selective sites and made it possible to investigate bone in 
some detail. An especially significant result is the finding that 
the selection by bone depends upon the maintenance of environ- 
mental conditions that allow this tissue to function. 

A similar study on the intestinal tract has provided evidence 
for the existence of a divalent cation “pump” in the proximal 
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portion of the small intestine that is specific for Ca++ and Mg*+ 
but not for Sr++ and Ba*+ (6). This mechanism may explain 
the selection against strontium seen during absorption and 
suggests that a similar active transport may be operative in 
bone. In comparing results, a similarity is noted in the greater 
accumulation of calcium for both bone and intestinal tissue when 
the environmental temperature is raised from 4 or 5° to 37°. 
Also, it can be surmised from the data of Schachter and Rosen 
(6) that when the active transport of calcium is stopped, the 
movement of strontium and calcium across the intestinal mem- 
brane would have a ratio of approximately 1, an event noted 
for bone at 4°. However, dissimilarities exist that are quite 
pronounced. Fluoride, cyanide, azide, iodoacetate, mercury, 
and malonate markedly inhibit the transport of calcium across 
the intestinal wall and, if the previous surmise is correct, would 
cause the Sr:Ca ratio to approach unity. With bone, fluoride, 
cyanide, and iodoacetate increased the uptake of radioisotope; 
moreover, fluoride had no effect on the Sr:Ca ratio whereas the 
others narrowed the ratio. Azide and malonate were entirely 
without effect. Mercury altered only the Sr:Ca ratio in bone; 
barium reduced both calcium uptake and the Sr:Ca ratio in 
contrast to its lack of effect with intestinal tissue. In addition, 
other experiments (1, 2, 4) have shown that during the early 
time intervals of uptake the Sr:Ca ratio in bone is 1 or greater. 
Thus, although the “cation pump” of Schacter and Rosen may 
be the mechanism operative in the intestine and possibly other 
selective sites located in soft tissue, a different series of events 
occurs in bone. 

It has been established that in the early time intervals of 
exposure to radiocalcium and radiostrontium these nuclides are 
accumulated in bone without major discrimination (1, 2, 4). 
The data of this paper suggest that this uptake is into a labile 
fraction of bone and is in equilibrium with the surrounding me- 
dium. If conditions are favorable, the cations are sequestered 
into another phase of bone mineral that is less labile and not in 
equilibrium with the medium. The selection against strontium 
appears to occur at this point and may reflect a degree of un- 
suitability of strontium ion for formation of bone mineral or a 
precursor of bone mineral as in the experiments of Likins et al. 
(2). The rejected strontium remains in the labile fraction and 
thus equilibrates readily with the medium. The continuing 
selection seen when labeled bone is placed in unlabeled medium 
suggests that the less labile phase undergoes some reconversion 
to the labile phase that permits a further selection to occur. 
These reactions appear to be dependent upon the presence of 
functioning tissue. 

A present concept of bone mineralization holds that the for- 
mation of bone crystal is largely a physicochemical process (7, 
8). In view of these results and the supporting demonstration 
that the selective mechanism is operative in growing rats (2), 
it is suggested that the entire question of the participation of 
living cells in the calcification process could bear re-evaluation. 


SUMMARY 


1. Culturing of embryonic bone in vitro showed that both 
chick and rat bone could discriminate against strontium in favor 
of calcium. The ends of the bones showed a lower Sr**:Ca* 
ratio (relative to the same ratio for the medium) than the shafts. 
The degree of selection was not dependent upon the species of 
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origin of the serum used in the medium or upon the age of the 
bones. 

2. Heat-treating of the bones destroyed the ability to select 
against strontium; for live bone the mechanism functioned at 
37° but not at 4° and 25°. 

3. Selection occurred at some point after the initial entry of 
the alkaline earth metals into the bone and was associated with 
the incorporation of the radioisotopes into a less labile form of 
bone mineral. Loss of radioactivity from this less labile fraction 
occurred only with viable bone at 37°. 

4. The Sr**:Ca** ratio of the bones relative to the same ratio 
for the medium as well as the total uptake of radioisotopes 
could be varied by incorporating enzyme inhibitors into the 
medium. 


Calcium and Strontium in Bone 


Vol. 235, No. 7 
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Despite many observations on morphologic and biochemical 
changes in the thyroid after the administration of thyroid- 
stimulating hormone, its exact mechanism of action is still ob- 
scure (1,2). The earliest in vitro effect previously reported was 
a small increase in oxygen consumption 10 minutes after the 
addition of TSH? to thyroid slices (3). TSH has also been found 
to increase phospholipid synthesis and iodide trapping, organifi- 
cation of iodide, and thyroid hormone release, but these effects 
have been somewhat delayed (4, 5). 

In a preliminary note we reported evidence for the existence of 
the hexose monophosphate pathway for glucose metabolism in 
thyroid slices and the ability of TSH to increase glucose oxida- 
tion (6). Stimulation of glucose oxidation was evident 5 minutes 
after the addition of TSH. Although not as dramatic as its 
effect on glucose-1-C™ oxidation, there was also some increase in 
glucose-6-C™ oxidation to CO, when TSH was present. This 
effect of TSH was not elicited when ACTH, prolactin or growth 
hormone were tested. The purpose of this communication is to 
elaborate on this observation as well as to present some informa- 
tion regarding possible mechanism of action. 


EXPERIMENTAL PROCEDURE 


Calf thyroids were obtained at the abattoir and kept on ice 
until sliced. Within an hour after the animals were killed, slices 
varying between 100 and 200 mg were made with a Stadie-Riggs 
slicer, lightly blotted on filter paper and weighed on a torsion 
balance. Each slice was placed in a 25-ml Erlenmeyer flask 
containing 2 ml of Krebs-Ringer bicarbonate buffer (pH 7.4), 0.5 
ue of either glucose-1-C“ or glucose-6-C“ (purchased from the 
National Bureau of Standards), and either 2 or 5 mg of glucose. 
All substances tested were dissolved in buffer. The flasks were 
gassed with 95% Os and 5% COs and incubated in a Dubnoff 
metabolic shaker at 37° for 45 minutes. At the end of the incu- 
bation 1 ml of hyamine base was injected through the rubber 
cap into the center well and the reaction was stopped by the 
addition of 0.2 ml of 10 n H.SO,. The flasks were then shaken 
for a further 60 minutes at room temperature to trap C™O, in 
the hyamine. The hyamine containing C“O, was then quantita- 
tively transferred to a counting vial. Small amounts of 0.4% 
diphenyloxazole in toluene were used to rinse out the center well 
and then added to the hyamine in the counting vial. The volume 
in the counting vial was made up to 15 ml with 0.4% diphenyl- 
oxazole in toluene and then the vials were counted in a Packard 

‘The abbreviations used are: TSH, thyroid-stimulating hor- 


mone; ACTH, adrenocorticotropin; FSH, follicle-stimulating hor- 
mone. 


liquid scintillation counter. Results are expressed as counts per 
min per g wet weight of tissue per 45 minutes. 

In studies in which glucose uptake was measured, the incuba- 
tion flasks contained 2 mg of unlabeled glucose in 2 ml of Krebs- 
Ringer bicarbonate buffer. Incubations were carried out for 4 
hours, at the end of which time duplicate 0.5-ml aliquots of the 
incubation medium were removed for glucose determinations, 
Protein-free filtrates were made according to the method of 
Somogyi (7) and the glucose was determined with the use of 
glucose oxidase (Glucostat, Worthington Biochemical Corpora- 
tion) (8). A control flask without a thyroid slice was included 
as a measure of the initial glucose concentration. The results 
are expressed as glucose disappearing from the medium per g wet 
weight of thyroid slices per 4 hours. 

Glucose 6-phosphate dehydrogenase and 6-phosphogluconate 
dehydrogenase were assayed by the method of Glock and McLean 
(9). A unit of enzyme activity is defined as the quantity which, 
at 20° and pH 7.6, reduces 0.01 umole of TPN per minute. The 
TSH preparations used were either gifts from Dr. Peter Cond- 
liffe and Dr. Robert Bates or purchased from Armour and Com- 
pany (Thytropar). Prolactin, FSH, and growth hormone were 
gifts of the Endocrine Study Section, National Institutes of 
Health. 


RESULTS 


Table I indicates that TSH stimulates the oxidation of glucose- 
1-C and glucose-6-C“ to C“O.. Even at the end of a 4-hour 
incubation period there is still evidence of a stimulating effect of 
TSH, although by this time the difference between the control 
and stimulated slices is not as great as at earlier times. Pre- 
viously we noted a small effect from one preparation of FSH 
which could be explained on the basis of its known contamination 
with a small amount of TSH (6). Another preparation of FSH 
which contained very little TSH gave no stimulation (Table I). 
Although TSH caused an increase in glucose-1-C™ oxidation to 
CO, in thyroid slices, it was without effect on liver and testis 
(Table I). 

Table III indicates that other drugs which are known to inter- 
fere with thyroidal iodine metabolism do not appear to effect the 
conversion of glucose-C“ to C'O.. Although propylthiouracil 
by itself had no effect on glucose-1-C™ oxidation to CO, in 
thyroid slices, it did appear to inhibit partially the stimulating 
effect of TSH. Other antithyroid drugs did not modify the 
TSH effect (Table III). Glucose oxidation was not altered by 
the addition of 10 ug of either thyroxine or triiodothyronine to 
the medium. The response of glucose oxidation to CO, to 
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TSH stimulation of C*O2 production by thyroid slices 
Glucose concentration in the flasks was 5 mg/2 ml and there 
were 479,000 c.p.m. of glucose-1-C" and 438,000 c.p.m. of glucose- 
6-C"4 added to the appropriate flasks. The FSH was a gift of Dr. 
Robert Bates, National Institutes of Health, and contained less 
than 0.002 units of TSH per mg. The results are the averages of 
two experiments. 














COs (c.p.m./g) derived from 
Drug Amount 45-Mi P P ss P . 
per flask inute incubation 4-Hour incubation 
Glucose-1-C' | Glucose-6-C™ | Glucose-1-C' | Glucose-6-C* 
Control 4,060 725 30, 200 17,420 
: a 1 unit} 28,500 2165 42,500 20,200 
Wis. «<< 1 mg 3,590 585 

















various amounts of TSH is indicated in Table IV. This effect 
of TSH is not limited to calf thyroid slices, since the same result 
has been obtained with slices from normal human thyroid. In 
this latter case it was also possible to observe stimulation within 
5 minutes of the addition of TSH. It is most unlikely that the 
effect of TSH is a nonspecific protein effect, since other proteins 
such as albumin, insulin, and plasma proteins produced no 
stimulation of glucose oxidation to CO, and in some cases there 
was a suggestion of an inhibitory action (Table IV). 

In an attempt to delineate the mechanism of this TSH effect, 
the action of the hormone was measured on glucose uptake by 
thyroid slices. In these studies the period of incubation was 4 
hours. Experiments of shorter duration led to inconclusive 
results. Table V demonstrates that TSH does increase glucose 
uptake by thyroid slices. Although this same effect can be 
produced by insulin, it is not a nonspecific protein effect, since 
albumin and ACTH were inactive. There was no increase in 
the combined activity of glucose 6-phosphate dehydrogenase and 
6-phosphogluconate dehydrogenase of thyroid slices incubated 
with TSH as compared with control slices. Activity in the 
control slices averaged 105 units per g (99 to 109) as compared 
to 103 units per g (91 to 114) in the TSH-treated slices. 

Thyroid slices obtained from a rabbit treated with propyl- 


TaBieE II 
Lack of effect of TSH on C%O2 production in liver and testis 


Glucose concentration in the flasks was 5 mg/2 ml and there 
were 470,000 c.p.m. of glucose-1-C"4 and 451,000 c.p.m. of glucose- 
6-C' added to the appropriate flasks. TSH was used in a concen- 
tration of 1 unit per flask. The results are the averages of two 











experiments. Rat liver and calf testis and thyroid were used. 

COs (c.p.m./g) derived from 

Drug Tissue 

Glucose-1-C4 | Glucose-6-C 
Gomared.. 6:3 SEIN Liver 42,750 14,115 
MER OO. Rel Liver 49,100 14,595 
Cai Ol 5 bis obs oid nibsens Testis 33,800 647 
A city dcaeny Serko “ate Testis 29 ,075 754 
OS Sr Thyroid 5,540 829 
ass cwnrensigd guis'cd-<s Thyroid 20 ,850 1,880 
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Effect of anti-thyroid drugs alone and on TSH stimulation 
of C402 production 


Glucose concentration was 5 mg/2 ml and results of three differ- 
ent sets of experiments are included. The variability in the 
counts in CO, in the control experiments is accounted for by the 
fact that in each set of experiments, a thyroid gland from a differ- 
ent animal was used. The numbers are the averages of two dupli- 
cate determinations. In the first set of experiments there were 
395,000 c.p.m. of glucose-1-C"* and 430,000 c.p.m. of glucose-6-C™ 
added to the appropriate flasks. In the other two sets there were 
480,000 c.p.m. of glucose-1-C'* and 440,000 c.p.m. of glucose-6-C" 
added to the appropriate flasks. Boiled thyroid slices were heated 
at 100° in buffer for 4 minutes. 























C4Oe2 (c.p.m./g) 

derived from 

Drug Concentration per flask 

Glu- Glu- 
“a nr 
CUE sinc retee carne ere: 5,015) 365 
Propylthiouracil............ 1X 10°? 4,923] 545 
PDE. BEV, eR. 1X 10-*m 6,860) 758 
Pemnmeseeuls liud..ceatlyi eek 1X 10%? mu 5,540) 505 
| err eee ree 1 mg 6,435) 448 
MR eitaten cuts stad uesivabisiins 1 unit 19,768} 943 
TSH (boiled slices).......... 1 unit 0 0 
OS EE EE 5,975) 2164 
EE och scnc bsg sak + sc ergated 1 unit 43,425) 4843 
TSH + NaSCN............. 1 unit, 1 X 10-?m_ =/40,600) 7800 
Weer Fe INMOTUS: occ nceeces 1 unit, 1 X 10°? m_ = /46,750)} 5990 
TSH + propylthiouracil..... 1 unit, 1 X 10-? mM _ 31,900) 5810 
COON istics Heels 4 23,000) 985 
CEA ae cs foaws tiwwar oF ose 1 unit 35,100) 1861 
oe | ee 1 unit, 1 mg 38,000) 2448 
TSH + propylthiouracil..... | l unit, 1X 10°? m_= |25,675| 1970 





thiouracil for 2 months converted more glucose-1-C" and glucose- 
6-C™ to CO, than slices obtained from normal rabbits, although 
glucose-1-C™ oxidation still predominated. In addition, TSH 
was without effect when added to the slices from the treated 
rabbit. 


DISCUSSION 


The specificity of the effect of TSH on glucose oxidation to 
CO, in thyroid slices is indicated by the fact that none of the 
other pituitary hormones tested was active, and that TSH 
produced no changes in either liver or testis. In addition to its 
specificity, this action of TSH is apparent within 5 minutes after 
the addition of the hormone. Since this effect occurs earlier 
than all those previously reported (2), it suggests that the pri- 
mary action of TSH is on glucose metabolism by the thyroid. 
In these experiments the most impressive change is oxidation 
of glucose-1-C™ to C“O2, presumably by the hexose monophos- 
phate pathway. The generation of TPNH by this pathway has 
been emphasized recently in relation to various synthetic reac- 
tions, especially fatty acid synthesis (10). Furthermore, Stan- 
bury and Morris (11) have reported a deiodinase in thyroid 
which specifically requires TPNH. It is conceivable that in- 
creased production of TPNH and fatty acid synthesis could ac- 
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TaBLe IV 


Effect of other proteins and graded doses of TSH on 
CO. production 

Four different sets of experiments are included and the results 
are averages of two values. In the first three the glucose concen- 
tration was 2 mg/2 ml and there were 450,000 c.p.m. of glucose- 
1-C'* and glucose-6-C™ added to the appropriate flasks, whereas 
in the last set the glucose concentration was 5 mg/2 ml and 505,000 
c.p.m. of glucose-1-C'* and 545,000 c.p.m. of glucose-6-C™ were 
present in the appropriate flasks. For each set of experiments a 
thyroid gland from a different animal was used. 


J.B. Field, I. Pastan, P. Johnson, and B. Herring 




















CO: (c.p.m./g) derived from 
Protein Amount per flask 

Glucose-1-C'* |Glucose-6-C! 
Coed... cc.2..3. 4,410 1588 
Normal Plasma. 0.1 ml 3,480 1710 
COPAOR. 55's 4,935 1095 
SOM: |. 5 1 mg 2,995 695 
Control... 865066: 6,470 1140 
ee 1 unit (0.04 mg) 4,588 954 
REE raat 1 unit (1 mg) 10,950 1795 
| ae 4,480 1740 
EB ree: 1 unit 17,200 2615 
es a 0.1 unit 8,410 1795 
___ Pore 0.01 unit 4,790 1320 
, a eee. 0.001 unit 4,830 1352 














count for the somewhat delayed TSH stimulation of phospholipid 
synthesis (4). 

When antithyroid drugs such as propylthiouracil, thiocyanate, 
perchlorate, and iodide were tested, no change in glucose oxida- 
tion to C“O, was observed. This suggests that the mechanism 
of action of these drugs lies elsewhere. It is not surprising that 
antithyroid drugs did not inhibit glucose metabolism, since 
thyroids from animals treated with these drugs manifest clear- 
cut evidence of growth and hypertrophy. If glucose metabolism 
were being suppressed, it would be very difficult to explain con- 
tinued growth. Although propylthiouracil appeared to inhibit 
somewhat the stimulatory effect of TSH, none of the other anti- 
thyroid drugs behaved in the same way. It is of interest that 
thyroid slices from a propylthiouracil-treated rabbit metabolized 
glucose more rapidly than thyroid slices from normal animals, 
and that the addition of TSH to the medium was without further 
effect. Presumably the gland of the propylthiouracil-treated 
animal was already under maximal endogenous TSH stimulation. 

It is realized that the amount of TSH necessary to produce 
these effects is large when considered in relation to the amount 
probably present in vivo, but the specificity of its action argues 
for this being of physiologic importance. Human thyroid slices 
were also stimulated by TSH and the effect was manifest within 
5 minutes, indicating that the phenomenon may be general for 
thyroid in different species. At the present time the meaning 
and significance of the slight inhibition of glucose oxidation in 
the presence of other proteins such as albumin and plasma is not 
clear. Indeed these substances were added to prevent loss of 
small amounts of TSH through adsorption to glassware. 

Although TSH stimulates glucose uptake by thyroid slices 
during a 4-hour incubation, it seems unlikely that this is its 
primary effect on glucose metabolism. Insulin also increases 
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TaBLe V 


Effect of TSH, insulin, albumin, and ACTH on 4-hour 
glucose uptake by thyroid slices 


Glucose concentration was 2 mg/2 ml. Two different experi- 
ments are included in the table. p values are calculated compar- 
ing the test substance with albumin. In the control experiment 
no protein was added to the buffer. 











Substance Anam pet Glucose uptake* ? 
mg/g 

Control....... 2.95 (2)t 
Albumin...... 2 mg 2.81 + 0.22 (4) 

,. ee 1 unit 3.70 + 0.30 (4) <0.05 
Insulin........ 1 unit 3.64 + 0.26 (4) <0.05 
Albumin...... 2 mg 4.30 + 0.08 (3) 

1 és. ae 1 mg 4.45 + 0.29 (3) 
ee 1 unit 5.36 + 0.09 (3) <0.01 














* Mean + standard error. 
t Number of determinations. 


glucose uptake by thyroid slices, yet there is no increased oxida- 
tion of glucose to C“O, (Table IV). The insulin effect is pre- 
sumably mediated by an increase in glucose transport into the 
cell (12). Were this the mechanism of action of TSH one would 
expect insulin also to stimulate glucose oxidation to C“O.. This 
difference suggests that TSH stimulates glucose oxidation by 
some other means, and that the increased glucose uptake is 
secondary. It further suggests that in the thyroid the rate- 
limiting step for glucose oxidation is not the rate of entry of 
glucose into the cell. The effect of TSH on glucose uptake ap- 
pears to be specific, since albumin and ACTH were unable to 
increase glucose uptake. The failure of TSH to increase the 
activities of glucose 6-phosphate dehydrogenase and 6-phospho- 
gluconate dehydrogenase is not surprising, since it is more likely 
that the level of TPN controls the activity of the hexose mono- 
phosphate pathway (13). 


SUMMARY 


Thyroid-stimulating hormone in vitro is capable of stimulating 
oxidation of glucose-1-C™, and to a lesser extent of glucose-6-C™, 
to CO, in thyroid slices. This effect appears to be specific, 
since adrenocorticotropin, prolactin, growth hormone, and fol- 
licle-stimulating hormone were inactive and thyroid-stimulating 
hormone had no effect on liver or testis slices. Since an effect 
was apparent within 5 minutes after the addition of thyroid- 
stimulating hormone, it is suggested that this might be the 
primary action of the hormone on the thyroid gland and its 
effect on phospholipid synthesis and iodine metabolism are 
secondary. None of the anti-thyroid drugs interfered with 
glucose oxidation to COs, although there was some inhibition of 
the thyroid-stimulating hormone effect when propylthiouracil 
was present. 

Although thyroid-stimulating hormone causes an increased 
glucose uptake by thyroid slices, this does not appear to be the 
mode of action of the hormone, since insulin also increases glucose 
uptake but does not stimulate glucose oxidation. Thyroid- 
stimulating hormone does not increase the levels of glucose 6- 
phosphate dehydrogenase and 6-phosphogluconate dehydro- 
genase. 
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The widespread use of C as a means of tracing metabolic 
pathways has created a need for an efficient means of isolating 
specific carbon atoms from a variety of compounds in order to 
determine their isotope content. Glucose is a compound fre- 
quently involved in such studies. A number of chemical meth- 
ods for the degradation of glucose have been proposed (1-4), 
but in each of these methods the activity of one or more of the 
atoms must be obtained by difference. Methods based in part 
on bacterial fermentation have also been used. Only one of 
these (5), which is based on the fermentation of glucose by 
Leuconostoc mesenteroides, enables the isolation of all six carbon 
atoms of glucose. However, the usefulness of this method is 
restricted to glucose and galactose (6), and the possibility of 
some cross-contamination is always present as a result of a 
variety of different metabolic pathways operating simultane- 
ously. 

The chemical method of degradation described here permits 
the isolation of each carbon atom of glucose separately. The 
sequence of reactions involved is shown in Fig. 1. 


EXPERIMENTAL 


Preparation of 4,6-O-Ethylidene-p-sorbitol (III)—On a 1 to 2 
mmole-scale, recrystallized 4 ,6-O-ethylidene-p-glucose (II) (m.p. 
178 to 181°; [aJ> —2.5°, (C = 2.5, water))! was prepared by 
the method of Hockett et al. (7) in yields varying from 40 to 
70%, averaging about 50%. This product was reduced to 4,6- 
ethylidene sorbitol by a modification of the method of Hockett 
et al. in order to avoid decomposition by heat. To 1 mmole 
(206 mg) of 4,6-ethylidene glucose dissolved in 2 ml of 50% 
aqueous ethanol saturated with ammonia, 35 mg of platinum 
oxide were added and the suspension was shaken under hydrogen 
at 500 pounds per sq. in. for 5 hours at 40°. The product was 
isolated and recrystallized as described (7) in yields of 90 to 95%, 
m.p. 101-1038°, [a] —46.7° (C = 1.85, water). 

Oxidation of 4,6-Ethylidene Sorbitol—To a solution of 208 mg 
(1 mmole) of 4,6-ethylidene sorbitol in 6 ml of water, chilled 
to 0 to 5°, 3.70 ml of 0.542 m periodic acid (2 mmoles) were 
added, and the solution was allowed to stand at room tempera- 
ture for 15 minutes. Iodate was precipitated by addition of 
1.5 ml of 1 mM barium acetate. The filtered solution was passed 
through a column containing 10 ml of Amberlite IR-4B, and the 


* Supported in part by research grant A-425 from the National 
Institute of Arthritis and Metabolic Diseases of the National 
Institutes of Health, United States Public Health Service. 

t This work is taken from a thesis submitted to the University 
of Illinois Graduate College in partial fulfillment of the require- 
ment for the degree of Doctor of Philosophy. Present address, 
Division of Biological and Medical Research, Argonne National 
Laboratories, Lemont, Illinois. 

1 All melting points were obtained on the Kofler Hot Stage micro 
melting point apparatus. 


column was washed with 50 ml of water. The percolate and 
washings, pooled as Fraction A, contained formaldehyde and 
2,4-O-ethylidene-p-erythrose (IV) produced by the oxidation, 
and formic acid was retained by the resin. 

Recovery of Glucose Carbon 2—Formic acid was eluted from 
the resin with 50 ml of 0.25 n barium hydroxide. The effluent 
was brought to pH 4 with glacial acetic acid, and the formic acid 
present was immediately oxidized to carbon dioxide as described 
by Sakami (8). The carbon dioxide evolved was trapped in 
barium hydroxide. After washing with ethanol and ether, 180 
mg of barium carbonate were obtained (91% recovery from 
ethylidene sorbitol). 

Recovery of Glucose Carbon 1—Fraction A from the Amberlite 
column was acidified with sulfuric acid and refluxed for 10 min- 
utes to hydrolyze ethylidene erythrose to erythrose (V). Acetal- 
dehyde was removed by concentrating to about 30 ml under 
reduced pressure at 45°. Only a small amount of formaldehyde 
is lost in this process, since, as described by Walker (9), and 
verified by us, formaldehyde is poorly volatilized during vacuum 
distillation from dilute aqueous solutions, probably because of 
hydration of the molecule. 

The formaldehyde and erythrose present in the residue were 
oxidized with iodine to the corresponding carboxylic acids as 
described by Sakami (8). Formic acid was removed by distilling 
almost to dryness, trapped in alkali, and oxidized to carbon 
dioxide (8). After washing and drying, 95 mg of barium car- 
bonate were obtained (48% recovery from ethylidene sorbitol). 

Isolation of pv-Erythronolactone (VII)—The residue obtained 
after removal of formic acid, consisting of erythronic acid (VI) 
or erythronolactone (VII), or both, and inorganic salts, was 
dissolved in 15 ml of water. Sulfate was precipitated by exact 
addition of 1 m barium acetate, iodide was precipitated by stir- 
ring with excess silver carbonate, and, after filtration, the solu- 
tion was passed over a column of 50 ml of Dowex-50W (H*), 
200 to 400 mesh, which was washed with 250 ml of water. The 
effluent was concentrated under reduced pressure at 40° to a 
thick syrup from which erythronolactone (10, 11) crystallized 
after refrigeration. After recrystallization from absolute etha- 
nol, 63 mg of the lactone were obtained, m.p. 101 to 102°, [a]? 
—72.5° (C = 4.03, water), representing a yield of 53.4% from 
ethylidene sorbitol. If amounts of ethylidene sorbitol much 
smaller than 1 mmole are oxidized, it may be desirable to add 
carrier erythronolactone to the effluent from the column. 

Oxidation of Erythronolactone—A solution of 59 mg (0.5 mmole) 
of erythronolactone in 2.5 ml of water was cooled in an ice bath 
and 2.0 ml of a cold solution of 0.542 m periodic acid (1.08 mmole) 
was added. After 20 minutes in the ice bath, excess periodate 
was destroyed by addition of 0.1 mmole of cyclohexanediol (0.5 
ml of an aqueous solution). After 15 minutes, barium iodate 
was precipitated by addition of 1.3 ml of 1 m barium acetate, 
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Fia. 1. Chemical degradation of glucose. All carbon atoms are 
isolated as carbon dioxide, or as formic acid or formaldehyde 
which are readily oxidized to carbon dioxide. 


and, after refrigeration, the precipitate was removed by filtra- 
tion and washed with cold water. 

Recovery of Glucose Carbon 6—The filtrate, containing glyox- 
ylic acid (VIII), formic acid, and formaldehyde, was passed 
through a column containing 10 ml of 200 to 400 mesh Dowex 
1-acetate, and the column was washed with 50 ml of water. The 
pooled percolate and washings contained formaldehyde whereas 
the glyoxylate and formate were retained on the column. 

Formaldehyde in the effluent from the column was oxidized 
with iodine to formate, which was removed by distillation and 
oxidized to carbon dioxide by the procedures previously indi- 
cated (8). The barium carbonate obtained weighed 60 mg, 
representing a yield of 61% from erythronolactone. 

Recovery of Glucose Carbon 5—Glyoxylate and formate were 
eluted from the Dowex 1-column with 100 ml of 0.5 n sulfuric 
acid. To the effluent, neutralized with sodium hydroxide, 10 
g of 2.5% sodium amalgam were added with vigorous mechanical 
stirring. After 1 hour the pH was brought to 6 with glacial 
acetic acid and a second 10-g portion of sodium amalgam was 
added. Stirring was continued for 1 hour more. At the end 
of this period the solution was decanted from the pool of mercury. 

Analysis of this solution indicated that by this treatment 
glyoxylic acid was quantitatively reduced to glycolic acid (IX). 
Colorimetric analytical methods indicated the absence of reduc- 
ing groups (the aldehyde group of glyoxylic acid). Furthermore, 
no consumption of periodate by residual glyoxylic acid can be de- 
tected using conditions under which glyoxylic acid rapidly reacts 
with periodate. Formic acid remains unchanged during the re- 
duction. 

After the reduction, the solution was acidified with sulfuric 
acid to pH 3, and formic acid was oxidized to carbon dioxide by 
refluxing for 30 minutes with 1.5 g of mercuric oxide. Mercuric 
oxide was used in place of the mercuric chloride reagent described 
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TABLE [| 


Distribution of C* in radioactive glucose 
Samples were counted as BaCO; at infinite thickness. 








Source of carbon Glucose-1-C« | Glucose-2-Ci« Glucose-6-C4 
C.p.m. ; 

Glucose 6,210 5,400 2,030 
C-1 36,900 3 5 
C-2 | 2 32, 600 3 
C-3 | 2 
C-4 | ‘ " 1 
C5 ’ ' 1 
C-6 | } 12,000 











* Carbons 3, 4, 5, and 6 counted as BaCO; obtained from oxida- 
tion of erythronolactone. 


by Pirie (12) in order to avoid introduction of a large amount 
of soluble mercury salts. The barium carbonate obtained 
weighed 95 mg, representing a recovery of 96.6% from erythrono- 
lactone. Glycolic acid has been found to be completely inert to 
this oxidation. 

Recovery of Glucose Carbon 3—After oxidation of formic acid, 
the solution was filtered to remove insoluble mercury salts, 
treated with hydrogen sulfide, and filtered again. After aeration 
to remove excess hydrogen sulfide, concentration under reduced 
pressure, and decolorization with Norit A, the solution was ad- 
justed to a volume of 25 ml and transferred to a reaction vessel 
which consisted of a 3-necked flask provided with a nitrogen 
inlet tube, a dropping funnel and a reflux condenser. Tubing 
led from the condenser to a series of traps to which a solution 
of barium hydroxide could be added. To the solution in the 
reaction vessel, 3.6 ml of concentrated sulfuric acid were added, 
and the solution was refluxed to eliminate dissolved carbon dioxide 
from it and from the atmosphere in the flask and traps. The 
solution was allowed to cool to room temperature, 9.4 ml of 
0.196 N ceric ammonium sulfate (carbon dioxide-free) were 
added, barium hydroxide was admitted to the traps, and the 
solution was refluxed for 1 hour. Carbon dioxide-free nitrogen 
was bubbled through the solution throughout these procedures. 
The barium carbonate obtained weighed 70 mg (71% recovery 
from erythronolactone). 

In the oxidation described, glycolic acid is oxidized to carbon 
dioxide and formic acid (13, 14). The carbon dioxide is derived 
from the carboxyl group of glycolic acid, representing C-3 of 
the original glucose, and the formic acid is obtained from the 
primary alcohol group of glycolic acid, representing C-4 of the 
original glucose. 

Recovery of Glucose Carbon 4—Formic acid, remaining in solu- 
tion after the oxidation of glycolic acid, was removed by distil- 
lation and oxidized to carbon dioxide with mercuric chloride. 
The barium carbonate obtained weighed 42 mg (42.6% recovery 
from erythronolactone). 

Degradation of Radioactive Glucose—The reliability of the 
method was demonstrated by degrading samples of 1-C'-glucose, 
2-C™-glucose, and 6-C™-glucose.2 The results of these degrada- 
tions are shown in Table I. It can be seen that no cross-con- 
tamination of isotope was encountered. Failure to find any 


2 The authors are indebted to Dr. H. 8. Isbell of the National 
Bureau of Standards for the donation of these substances. 
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isotope in the erythronolactone obtained from 1-C**-glucose and 
9-C“-glucose made the further degradation of this compound 
unnecessary. 


DISCUSSION 


A number of the reactions which are utilized here, in particular 
those leading to the formation of 2,4-ethylidene erythrose, pre- 
viously described as relatively large scale preparatory methods 
(7), have been adapted for use with millimole quantities of ma- 
terials. Of those reactions which have not previously been 
described, the behavior of erythronolactone toward periodate 
oxidation is of particular interest. 

The oxidation of erythronolactone by periodate would be 
expected to consume 1 mmole of the oxidant per mmole of lactone 
if the lactone (or ester) linkage remained intact. However, 
numerous attempts to realize these results failed, apparently as 
a result of the fact that the lactone ring is very labile, permit- 
ting further attack by periodate, or, and perhaps more likely, 
the ester of glyoxylic acid and glycolaldehyde, formed when 
erythronolactone is cleaved between carbons 2 and 3, is very 
unstable. Hydrolysis of this ester would produce free glycolal- 
dehyde, which, is readily oxidized by periodate, with consumption 
of 1 mmole of the oxidant and production of formaldehyde and 
formic acid. 

Representative data illustrating this behavior are shown in 
Table II. It will be noted that under all conditions tried, 1.5 
mmoles or more of periodate were consumed per mmole of the 
lactone in 5 minutes or less. In 15 minutes, periodate consump- 
tion increases to 2 mmoles in neutral or acid conditions. Under 
alkaline conditions 3 mmoles of periodate were rapidly consumed. 
It can be seen that increased acidity, decreased temperature, 
and the use of methanol as a solvent restricted the reaction to a 
consumption of 2 mmoles of periodate, with production of glyox- 
ylic acid, formic acid and formaldehyde. Under alkaline con- 
ditions, however, glyoxylic acid was also attacked by periodate, 
with resultant formation of carbon dioxide and formate. The 
observation, inferred from the studies of Sprinson and Chargaff 
(15) on tartaric acid, that glyoxylic acid is inert to periodate at 
decreased temperature and pH, has been repeatedly confirmed 
in these studies with erythronolactone. Because of this, the 
degradation of erythronolactone by the method described be- 
comes feasible, and errors resulting from cross-contamination 
are not encountered. 

The conditions under which all other reactions were carried 
out have also been studied and so chosen as to eliminate errors 
due to cross-contamination. Cyclohexanediol was used to de- 
stroy excess periodate because neither it nor any reaction pro- 
ducts of it (adipaldehyde and adipic acid) interfere with any of 
the procedures carried out in their presence. The use of arsenite 
would introduce troublesome inorganic ions. As previously 
noted, the reaction carried out involving the mixture of formic 
acid, glyoxylic acid, and glycolic acid were such that completely 
satisfactory results were achieved without interference. 

As is the case with other chemical methods, this method of 
degradation is potentially applicable to carbohydrates other 
than glucose. Many hexoses and pentoses react with either 
acetaldehyde, benzaldehyde, or acetone, producing derivatives 
to which the scheme proposed should be applicable. In these 
derivatives, the acetal linkages are so situated that, after cata- 
lytic reduction and oxidation by periodate, a tetrose derivative 
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TaBLeE II 
Oxidation of erythronolactone by periodic acid 
Oxidant ompumet eee mmole of 
Solvent a 5 Se ETN 
Smin | 15min | 30min | 60min 
mmoles 
0.1 Nn H2SO, 0-5° 1.71 1.86 1.93 
25° 2.00 2.00 2.06 
H.0 0-5° 1.63 1.97 2.05 
0-5° 1.45 2.09 2.00 
25° 2.09 2.18 2.27 
25° 2.26 2.26 2.26 
50% CH;0H —20° 1.95 1.86 2.03 
0-5° 1.84 1.93 1.93 
25° 2.02 1.97 
Saturated aqueous | 25° 3.00 3.09 
NaHCO; 




















* In all experiments, 3.5 mmoles of periodic acid was used per 
mmole of erythronolactone. 


would be produced which could be further degraded by the reac- 
tions outlined. 

With some carbohydrates minor modifications of the scheme 
are necessary. Rhamnose, for example, forms a 2,3-isopropyli- 
dene derivative (16). Periodate oxidation after catalytic re- 
duction produces acetaldehyde, rather than formic acid and 
formaldehyde, as in the case of glucose. Acetaldehyde, however, 
is readily degraded by methods previously described (17). In 
addition, the tetrose derivative produced represents the first 
four carbon atoms of rhamnose, in contrast to that obtained 
from glucose, which is derived from the last four carbon atoms 
of the chain. An analogous situation is encountered in the case 
of ribose, which also forms a 2,3-isopropylidene derivative (18). 

Only one method for the degradation of glucose which permits 
the isolation of all carbon atoms separately has been previously 
reported (5). That method, in which the degradative procedure 
is initiated by a bacterial fermentation, may afford some advan- 
tages in ease of handling, as compared with the method described 
here, although most of the procedure also involves comparable 
chemical oxidations. The fermentation method can also be 
used with somewhat smaller amounts of glucose, but unless the 
specific activity is quite low the use of carrier will nullify this 
disadvantage. The fermentation method, however, suffers 
from the disadvantage that greater cross-contamination is en- 
countered, probably from some reutilization of fermentation 
products, and from a more limited potential application to a 
variety of carbohydrates. 


SUMMARY 


A sequence of reactions is described by means of which all 
the carbon atoms of glucose may be individually isolated as 
barium carbonate. The nature of the reactions permits their 
use with a variety of other carbohydrates. 
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In a preliminary experiment carried out in 1949 (1), a test 
was made of the effect of administering potassium pyruvate to 
excised tobacco leaves in darkness. The results indicated that 
the normal accumulation of citric acid which occurs in detached 
leaves is stimulated, although somewhat less effectively than by 
succinate, but little else was learned. The experiment has ac- 
cordingly been repeated, two different techniques being used. 
In the first, the large scale culture method of previous papers of 


| this series was employed (2); in the second, an examination was 


made of the effect of administering potassium pyruvate-2-C™ to 
single leaves. Both experiments confirmed the earlier test in 
that a marked stimulation of the formation of citric acid oc- 


, curred. Although malic acid was doubtless involved in the or- 


ganic acid metabolism, the extent to which it was drawn upon 
was greatly diminished in comparison with controls, small losses, 
or small gains rather than a pronounced loss being observed. 


| Furthermore, both succinic and fumaric acids acquired a high 


specific activity, and evidence was secured for the presence of 


an efficient citric acid condensing enzyme system. 


EXPERIMENTAL PROCEDURE 


For the large scale experiment, 10 samples of 20 leaves each 
were collected on August 1, 1958, by the statistical method from 
20 plants of Nicotiana tabacum, var. Connecticut shade-grown. 
The 0.2 m culture solutions of potassium pyruvate were adjusted 
to pH 4.0 and 4.7, respectively (approximately 97 and 100% 
neutralized), and 3 samples were cultured in darkness in each of 
these, single samples being removed after 12, 24, and 48 hours. 
Control samples were cultured in water, in 0.2 m potassium chlo- 


| ride, and in 0.2 m potassium succinate, each for 48 hours. The 





methods described in previous papers (2) for the management 
of the cultures, the preparation of the samples for analysis, and 
for the analysis of the dried tissue were used. Pyruvic acid was 
determined in water extracts of the dried samples by means of 
lactic dehydrogenase prepared from muscle (3). The uptake of 
pyruvic acid was calculated from the means of the closely agree- 
ing determinations of the increase in alkalinity of the ash and 
the increase in potassium. 

For the single leaf culture experiment, four successive, fully 
developed leaves from a plant of the variety Havana seed were 
excised, and the first and fourth leaves were at once separately 
dried for analysis. It was assumed that a useful estimate of the 
initial composition of the second and third leaves could be se- 
cured by interpolation from straight line plots of the analytical 
data obtained from the first and fourth leaves. The second and 
third leaves were placed with their bases in small beakers, each 


containing 10 ml of pure 0.2 m potassium pyruvate (4) to which 
a trace of pyruvate-2-C™“ had been added. Each leaf was sup- 
ported in a flat airtight case through which a slow stream of air 
was passed into an absorption trap for the collection of the car- 
bon dioxide, and the cases, completely covered with aluminum 
foil so that no light was admitted, were in turn placed in a cab- 
inet where the temperature was controlled at 21-23°. The sec- 
ond leaf was removed after 24 hours, the remaining culture solu- 
tion being rinsed from the base and reserved for determination 
of C4. After 48 hours, the third leaf was also removed, and the 
remaining few drops of culture solution were recovered. The 
contents of the alkali traps were likewise retained for analysis. 
Both leaves were dried at 80° immediately after removal from 
the culture solutions. 

When determining the stable nonvolatile organic acids in these 
two leaves by the ion exchange method of Palmer (5), the sample 
of hot water extract of the dried tissue was transferred to the 
Dowex 1 column and washed in with water, the washings being 
separately collected as a forefraction. This fraction contains 
bases, amino acids which lack an excess negative charge, and 
neutral substances. The organic acids adsorbed on the column 
were then eluted with continuously increasing strengths of formic 
acid in the usual manner. Pyruvic acid is eluted together with 
citric acid by this technique, but it was shown by suitable con- 
trol tests that only negligible traces of pyruvic acid survived the 
subsequent operation of evaporating the formic acid at 48° as a 
preliminary to titration of the successive fractions. Further- 
more, the purity of the pooled fractions containing radioactive 
citric acid was established by subjecting a sample to chromatog- 
raphy on paper with use of a solvent that separates pyruvic acid 
from citric acid. A satisfactory recovery of the counts attrib- 
uted to citric acid was obtained. 

Radioactivity of all samples was determined on “infinitely 
thin” layers with a thin window counter. 


RESULTS 


The quantities of organic acids found in the samples from the 
large scale culture experiment are shown in Table I, the data 
being expressed in terms of 1 kg of initial fresh weight of leaves. 
The uptake of pyruvic acid (Line 1), as calculated from the in- 
crease in alkali content, was a nearly straight line function of 
time at both pH reactions, suggesting that no damage occurred 
to the systems involved in the accumulation, within the cells, of 
the organic acid salt. In part because of the instability of pyru- 
vic acid during drying of the leaves for analysis, the increase in 
nonvolatile organic acids (Line 2) fell far below the uptake from 
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TaBLeE I 


Effects of culture in 0.2 mu solutions of potassium pyruvate upon organic acid composition of excised tobacco leaves 
The data represent milliequivalents per kilogram of initial fresh weight of leaves. 


























| Changes during culture in darkness 
: Potassium 
Line ‘etore. | Water “chloe | Succinate | Poteau press Poor u) aa 
4 pH 5.0 
48 hrs 48 hrs 48 hrs 12 hrs 24 hrs 48 hrs 12 hrs 24 hrs 48 hrs 
1 | Uptake of acid 151 355 65 111 194 63 106 221 
2 | Total nonvolatile, stable organic | 101 +11.5 | +16 +209 +41 +60 +69 +26 +38 +67 
acids (except oxalic acid) 
3 | Malic acid 68.8 | —24.0 | —29.0 +95.2| +8.6] +4.6| -—7.6] —4.0] —12.6 | —13.5 
4 Citric acid 12.8 | +29.4 | +43.7 +78.3 | +32.0 | +49.0 | +62.0 | +27.9 | +43.8 | +55.8 
5 | Succinic acid 1 +0 +2 +34 +4 +5 +6 +4 +4 +8 
6 | Pyruvic acid 0.01 | +0.03 | +0.03 +0.03) +2.3 | +4.2| +11 +2.6| +5.3 | +12 
7 | Minor acids 9.5 +1.9 +1.5 +2.6| —0.5|) +0.6| +5.0) +0.6| +1.4| +6. 
8 | Acquired acid metabolized or de- 321 63 107 183 59 101 209 
composed 
9 | Loss of titratable acid 146 24 51 125 37 68 154 
10 | Acquired acid converted to other 175 39 56 58 22 33 55 
organic acids 
11 | Acquired acid converted as per- 49 60 50 30 35 31 25 
centage of uptake 
12 | Loss of organic solids by respira- 4.2 4.2 15.5 7.3 7.4 10.7 3.4 6.1] 10.0 
tion, g | 





























the culture solution; only about 5% of the quantities of pyruvic 
acid taken up (Line 6) was present in water extracts of the sam- 
ples, and little or none of this survived the chromatographic 
separation and subsequent evaporation of the formic acid eluant. 
Malic acid diminished much less after 48 hours of culture of the 
leaves in pyruvate than in the control samples cultured in water 
or in potassium chloride solution (Line 4) ; it increased temporar- 
ily by a small amount in the leaves cultured in pyruvate at pH 
4.0, but later decreased. Citric acid increased strikingly in the 
samples cultured in pyruvate (Line 4); in the sample treated at 
pH 4.0 for 48 hours, it reached a level almost equal to that in 
the succinate control sample. The failure of malic acid to de- 
crease as it did in the water and salt control samples suggests 
that the acquired pyruvic acid contributed substantially to the 
increase of citric acid. 

The marked increase of citric acid in the control sample cul- 
tured in potassium chloride solution is noteworthy as it confirms 
a previous observation (6). Culture of tobacco leaves in solu- 
tions of potassium sulfate commonly used as a salt control in 
similar experiments as a rule results in a slight depression of the 
accumulation of citric acid in comparison with a control sample 
cultured in water (7). 

The data in Line 5 show that small but appreciable amounts 
of succinic acid accumulated in the samples cultured in pyruvate. 
The significance of these figures is enhanced if comparison is 
made with the behavior of the organic acids in the succinate 
control sample; in these leaves only about 10% of the succinate 
taken up survived as such, the rest being decomposed or trans- 
formed into other organic acids. Thus the accumulation of even 
the small amounts of succinic acid observed in the samples cul- 
tured in pyruvate suggests that succinate must have been a 
highly active intermediate in the metabolic reactions that oc- 
curred. Culture in pyruvate for 48 hours also led to the accu- 


mulation of small amounts of the so called minor organic acids 
(Line 7). Comparison with the effect of culture in succinate 
again suggests that one or more of these substances, among 
which p-glyceric, glycolic, aspartic, and quinic acids have been 
identified, is also concerned in the metabolism of pyruvic acid. 

Line 8 shows the differences between the amounts of pyruvic 
acid taken up from the culture solutions and the amounts found 
in the dried tissues. These differences, accordingly, represent 
the quantities that were either decomposed during the prepara- 
tion of the material for analysis or were transformed into other 
substances. Line 9 shows the differences between the uptake 
and the observed increase in stable titratable organic acids (ox- 
alic acid is omitted since it is not eluted from the Dowex 1 ana- 
lytical column) and thus furnishes estimates of the extent of 
reactions or effects which involved disappearance of titratable 
carboxyl groups. The differences between the data of Lines 8 
and 9, shown in Line 10, in turn give estimates of the quantities 


of pyruvic acid that were converted into other organic acids; ) 


these quantities are shown as percentages of the uptake in Line 
11. Although the quantities of pyruvic acid which entered into 
reactions that resulted in the formation of other organic acids 
steadily increased with time, the proportions of the uptake de- 
creased. 

Table II shows the effect of treatment with radioactive pyruvic 
acid upon the organic acid composition of the leaves, the data 
also being expressed in terms of 1 kg of initial fresh weight. 
Since the initial composition of the two successive leaves differed 
slightly from each other and was estimated by interpolation, only 
the increases in the amounts of the organic acids are shown. 
However, these leaves initially contained approximately 93 meq 
of malic acid and 9 meq of citric acid per kg (0.79 and 0.059 
mmole, respectively, per single leaf), and were thus somewhat 
richer in malic acid and poorer in citric acid than the leaves of 
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the large scale experiment. Furthermore, since they were treated 
in a small enclosed space with only a slow stream of air passing 
through it, the rate of transpiration, and consequently the rate 
of uptake of the culture solution, was much less. Thus, in 24 
hours, the uptake of pyruvate by equal amounts of leaf tissue 
was only 25% and in 48 hours only 40% of the amounts taken 
up in the large scale experiment. Nevertheless, although malic 
acid increased moderately rather than diminishing, citric acid in- 
creased as strikingly as before so that it is reasonable to assume 
that the enzyme mechanisms operated in a similar fashion in 
both experiments. 

The results of the examination of the radioactivity of the com- 
ponents of the treated leaves are shown in Table III. In order 
to simplify the presentation, the data are expressed in terms of a 
single leaf rather than 1 kg of leaves. The uptake of pyruvate 
was calculated from the loss of radioactivity from the culture 
The first five lines show the uptake and the distribu- 


TaBLeE II 
Effects of culture in 0.2 mu solutions of potassium pyruvate-2-C'* 
upon organic acid composition of tobacco leaves 
The data represent milliequivalents per kilogram of initial 
fresh weight of leaves. 
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tion of radioactivity in the carbon dioxide liberated during the 
culture period, in hot water extracts of the dried tissues, and in 
the insoluble residues after extraction. About one-half of the 
acquired isotope was found in the water extracts, and a consider- 
able part of the deficit in the recovery doubtless represents de- 
composition of pyruvic acid into volatile products during the 
drying of the leaves. Only a small part of the radioactive car- 
bon in the second position of pyruvic acid entered into the res- 
piration, and a still smaller part was converted into water-in- 
soluble substances which would include the proteins. The 
forefraction eluted by water from the Dowex analytical column 
and which represents nonacidic soluble substances likewise con- 
tained only a small fraction of the radioactivity. 

The minor acids, considered as a group and assumed to be 
monocarboxylic acids, acquired little radioactive carbon and 
the specific activity was low. These substances thus probably 
played only a small part in the metabolic transformations that 
occurred. Succinic and fumaric acids, on the other hand, al- 
though also present in only small amounts, became highly la- 
beled. Fumaric acid is rarely present in easily detected amounts 
in normal tobacco leaves, and the specific activity it acquired in 
this instance suggests that it was derived almost entirely from 
the pyruvic acid administered to the leaves. Malic acid at- 


; } tained only a low specific activity; nevertheless, the total amount 
Changes during culture in darkness radioactive carbon in malic acid after 24 hours was a little 
24 hrs as les greater than in the citric acid, and after 48 hours was only a 
little less. The low specific activity thus reflects only the fact 
Uptake of pyruvic acid........... 49.7 87.5 that malic acid is present in much larger amounts than citric 
Total nonvolatile stable organic acid; it obviously played an important role in the organic acid 
acids (except oxalic acid)....... +33 +73 metabolism. 

Malic acid.........-------seeeeeee +5 +17 Citric acid acquired a specific activity equal to that of the 
Citric acid... ....-.-.--.+.-+++++, +12 +39 pyruvic acid administered. As a minimal estimate, therefore, 
Guemate 0 TY nie a eG iP +1 at least one-half of the carbon of the newly formed citric acid 
svar aka mi veshl Vel rns mt Pim on was derived either from a source other than pyruvic acid or from 
Tisee while (28, eo Ay +2 +2 a source of too low a specific activity to give an easily detected 

effect. 

TaBLe III 


Distribution of radioactivity in tobacco leaves after culture in 0.2 m potassium pyruvate-2-C' in darkness 


The data are expressed in terms of a single leaf. 












































24-hour culture 48-hour culture 
. < aed c.p.m, ie o : . c.p.m. 
Amount fen. per lat| Distribution | Composition | per | Amount | chim, [Pigtabation! “tne per | Pet 
x 1073 x 10-8 
mmole % mmole mmole % mmole 
Uptake of pyruvic acid......... 0.847 155,000 100 183 1.77 339, 700 100 192 
Carbon dioxide liberated........ 14,000 9.0 21,600 6.4 
MOT COMING 6. 6.5. <.5-+ 5 x cnet 6:'b.0 ve 80,300 51.8 171,000 50.3 
Insoluble residue............... 4,610 3.0 10,500 3.1 
Total accounted for............. 99,310 63.8 203,100 59.8 
Nonacidic substances........... 11,900 14.8* 17,500 10.2* 
Meter wehe oleic) ied. cian 6,910 8.5 0.23 30 14,200 8.2 0.29 50 
Peeirie HOt. mya hie avd ond de 2,960 3.7 0.025 121 4,380 2.6 0.029 151 
ee) SE Sorel ae are oe 13,800 17.2 0.092 151 20,800 12.1 0.11 182 
EO aa ere 23,700 29.5 0.735 32 41,600 24.4 0.935 45 
NR SURE saa ove bee 19,800 24.7 0.104 191 54,700 32.0 0.278 197 
Total in water extract.......... 79,000 98.4 | 153 ,000 89.5 





* This figure and those below it are percentages of the counts found in the water extract. 
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DISCUSSION 


The metabolism of pyruvic acid by enzyme systems present 
in higher plants has been repeatedly studied. James and James 
(8) in 1940 advanced evidence based upon isolation from the 
tissue that pyruvic acid is a normal intermediate in the respira- 
tion of barley roots. Millerd et al. (9) showed in 1951 that par- 
ticles obtained from etiolated mung bean seedlings oxidize pyru- 
vate in the presence of additional small amounts of any of the 
acids of the tricarboxylic acid cycle, and that a parallel phos- 
phorylation reaction occurs. Shortly thereafter, Millerd (10) 
provided a careful study of the details of these reactions. Brum- 
mond and Burris (11) have made similar observations with par- 
ticles obtained from the cotyledons of lupine seedlings, and also 
noted that when pyruvate-2-C™ is oxidized in the presence of 
L-malate, the specific activity of the citrate produced is almost 
identical with that of the pyruvate used. They accordingly 
concluded that the condensing enzyme system of Stern and Ochoa 
(12) is active in this tissue. Walker and Beevers (13) have like- 
wise demonstrated the oxidation of pyruvate in the presence of 
catalytic amounts of the acids of the tricarboxylic acid cycle by 
preparations of particles. Their material was obtained from the 
endosperm tissue of germinating castor bean plants, and they 
established that maximal rates of oxidation are obtained only 
when coenzyme A, cocarboxylase, adenosine triphosphate, and 
diphosphopyridine nucleotide are present. 

A search for the presence of enzyme systems characteristic of 
the tricarboxylic acid cycle in the green leaves of young lupine 
plants was made by Brummond and Burris (14) in 1954. Ex- 
tracts prepared by various techniques were demonstrated to con- 
tain most of the activities, although the evidence for the presence 
of the condensing enzyme system was inconclusive. Pierpont 
(15) has shown that particles prepared from tobacco leaves oxi- 
dize pyruvate, and Zelitch and Barber (16) have recently made 
a similar observation with particles from spinach leaves. They 
(16) also showed that the reaction is accompanied by the forma- 
tion of adenosine triphosphate. 

The available evidence suggests, therefore, that pyruvate 
readily undergoes oxidation by enzyme systems widely distrib- 
uted among plant tissues, but little information is available on 
the fate of this substance in an intact leaf. The present large 
scale experiment clearly indicates that, in the excised tobacco 
leaf, citric acid is the major product to accumulate over a period 
of 48 hours, and that small but significant amounts of succinate 
are also formed although the amount of malic acid is not greatly 
changed. The experiment with pyruvate-2-C™“ supports these 
observations, and in addition demonstrates that both succinate 
and fumarate become highly labeled. However, the most strik- 
ing observation is that the citrate formed possesses the same 
specific activity as the pyruvate used, thus suggesting that citric 
acid was produced by the reaction of an enzyme system analogous 
in function to that of the condensing enzyme of Stern and Ochoa 
(12). This result recalls the earlier observation of Brummond 
and Burris (11) with particles from lupine seedlings. 

The accumulation of citric acid in considerable amounts im- 
plies that this substance is only slowly converted to other sub- 
stances once it is formed. If it arises from pyruvic acid by a 
condensation reaction with oxaloacetic acid, oxidative decarbox- 
ylation of the pyruvic acid must first occur and acetyl coenzyme 
A labeled in the acetyl group must be generated. This view of 
the situation conforms with that of McConnell et al. (17), who 
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have examined the fate of each of the three carbon atoms of 
pyruvic acid after injection of the labeled acid into the hollow 
stems of wheat plants 20 days before ripening of the ear. When 
pyruvate-1-C™ was administered, the specific activity of the car- 
bon in the starch, gluten, and other proteins of the ripened kerne] 
was approximately the same, suggesting synthesis from labeled 
carbon dioxide. When pyruvate labeled in either of the other 
carbon atoms was given, the proteins were much more highly 
labeled than the starch, suggesting that amino acids are derived 
from potential acetate. If a reaction which involves a labeled 
acetyl group occurred in the present case, the citric acid formed 
would contain one isotopic carbon atom and, provided that ex- 
tensive randomization did not subsequently occur, the equality 
of the specific activity with that of the pyruvic acid would be 
accounted for. The alternative possibility that pyruvate was 
converted directly into labeled oxaloacetate which condensed 


with unlabeled acetyl coenzyme A from some other source seems | 


a most unlikely preliminary step. 

The equality of the specific activities of the pyruvate and the 
citrate even after 48 hours of treatment suggests that at most 
only a small part of the citric acid formed became further in- 
volved in the reactions of the organic acids. Nevertheless, both 
succinate and fumarate acquired a high specific activity. Ac- 
cordingly, if these components arose through the activity of the 
tricarboxylic acid cycle, it appears to be necessary to assume the 
existence of two pools of citric acid. One of these received newly 
synthesized citrate and stored it; the labeled citric acid in the 
other and much smaller pool fulfilled its normal function, and 
succinic, fumaric, and malic acids thereby became labeled. 

Since a large pool of malic acid is present from the start of the 
treatment, only a moderate final specific activity is to be antic- 
ipated. A rough estimate of the maximal labeling it might ac- 
quire can be obtained from the ratio of the sum of the increases 
of malic and citric acids to the sum of the quantities initially 
present increased by the amount of oxaloacetic acid which must 
have been generated by the system. This would be at least 
equal to the increase in citric acid. When expressed in mmoles 
per leaf, the data for the leaf cultured 48 hours yield the ratio 
0.34 which, multiplied by the specific activity of the pyruvic 
acid, gives 65 X 10%. The specific activity of the malic acid was 
found to be 45 x 10%. It may be concluded that malic acid 
became involved in the metabolic reactions to approximately the 
extent expected. 


Attention should be drawn to one further point. A reasonable 


estimate of the oxygen uptake of a normal tobacco leaf of the } 


size and maturity of the leaves used in this experiment, when 
cultured in water, is 8 umoles per g per hour (18). Culture in 
an organic acid substrate may double this, and the evidence 
from the loss of organic solids from the leaves of the large scale 
experiment (Table I, Line 12) suggests that some such increase 
occurred. Thus 1 kg of leaves cultured for 48 hours in pyruvate 
would take up at least 380 mmoles of oxygen and possibly twice 
this amount. The leaves cultured for 48 hours at pH 4.7 ac- 
cumulated 55.8 meq (18.6 mmoles) of newly formed citric acid. 
If the entire respiratory process of the leaf system is attributed 
to the operation of the tricarboxylic acid cycle, one-fifth of the 
oxygen taken up would be required for the oxidative decarboxyla- 
tion of pyruvate and one-fifth for the generation of oxaloacetate, 
the two steps leading to the synthesis of citric acid. Thus at 
least 150 mmoles of oxygen and perhaps twice this quantity 
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would be needed. The amount of citric acid that accumulated 
was only about one-eighth of this minimal amount. Accord- 
ingly it must be concluded that by far the greater part of the 
total respiration was supported by transformations of what could 
have been at most only a small part of the total quantity of 
citric acid in the tissue. If the hypothesis of the existence of 
two pools of this substance is sound, the smaller one was a center 
of extremely rapid metabolic activity. Other equally probable 
assumptions may be made, but all lead to a similar result. 

It seems reasonable to conclude, therefore, that, although the 
qualitative evidence for the operation of the tricarboxylic acid 
cycle as the mechanism of respiration in the green leaf is becom- 
ing increasingly persuasive, more impressive quantitative evi- 
dence than that presently available will be required before the 
problem can be regarded as solved. 


SUMMARY 


Culture of tobacco leaves in 0.2 m solutions of potassium pyru- 
vate has shown that citric acid accumulates in substantial 
amounts, but that malic acid undergoes only a moderate change 
in quantity. When pyruvate-2-C™ is made available, the spe- 


| cific activity of the citric acid is approximately equal to that of 


the pyruvate, and both succinic and fumaric acids become highly 
labeled although only small amounts accumulate. The evidence 
indicates the presence of a condensing enzyme system similar in 
function to that of Stern and Ochoa (12), and furthermore sug- 
gests the presence in the cells of the tobacco leaf of two pools of 
citric acid. One of these behaves as a storehouse for part of the 
newly synthesized citric acid, the other is presumably a center 
of rapid metabolic activity if the mechanism of respiration is in 
fact that of the tricarboxylic acid cycle. However, the quanti- 
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tative evidence that the entire respiration of the leaf is supported 
by this mechanism is still far from satisfactory. 
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In 1953, Bernheimer (1) showed that suspensions of resting 
Type III pneumococci could synthesize capsular polysaccharide 
from glucose or from certain other monosaccharides in a medium 
containing magnesium, potassium, and phosphate ions. Al- 
though a considerable amount of polysaccharide was synthesized 
from glucose, little or none was formed when glucose was re- 
placed by sodium glucuronate or by sodium cellobiuronate. 
More recently it has been shown that the glucuronic acid and 
acetylglucosamine residues of the hyaluronic acid synthesized by 
Group A f-hemolytic streptococci are derived from glucose 
without cleavage of the glucose molecule (2) and that uridine 
diphosphoglucuronic acid and uridine diphospho-N-acetylglu- 
cosamine are the immediate precursors of hyaluronic acid (3). 
These observations and those concerning the role of uridine 
pyrophosphoglycosyl compounds in the synthesis of chitin (4), 
cellulose (5), glycogen (6), and 8-1,3-glucan (7) make it prob- 
able that the donation of glycosyl groups from uridine pyro- 
phosphoglycosyl compounds represents a general mechanism for 
the biosynthesis of polysaccharides. 

Previous investigations of the pneumococcus have revealed the 
presence of a number of uridine pyrophosphoglycosyl compounds 
in various types of this organism (8-10) and have shown that 
these uridine compounds are probably concerned in the synthesis 
of their polysaccharides. It has been found that, when the 
capsular polysaccharide of a particular type of pneumococcus 
contains uronic acid, the uridine pyrophospho-compound of that 
uronic acid is formed by cells of the pneumococcal type in ques- 
tion. More recent genetic and biochemical studies have shown 
that the synthesis of certain types of pneumococcal capsular 
polysaccharide is dependent upon an intact pathway for the 
formation of uridine pyrophosphouronic acid (11) and that the 
lack of only one enzyme in such a pathway results in failure of 
the cell to form capsular polysaccharide in normal quantity. 

Type III pneumococcal capsular polysaccharide is a polymer 
of cellobiuronic acid (6-1 ,4-glucuronosido-glucose) and it ap- 
peared likely that uridine diphosphoglucose and uridine diphos- 


* The Type III anticapsular serum used in these experiments 
was made available through the courtesy of Dr. E. F. Roberts, 
Wyeth Laboratories, American Home Products Corporation. 

¢ Supported by Grant E-1018(C4) from the National Institute 
of Allergy and Infectious Diseases, United States Public Health 
Service. 


phoglucuronic acid would act as glycosyl donors for its synthesis, 
The present paper reports the incorporation of radioactivity 


from C-labeled uridine diphosphoglucose and C"-uridine di- | 


phosphoglucuronic acid into glucose and glucuronic acid residues, 


respectively, of Type III pneumococcal capsular polysaccharide, 
Incorporation of radioactivity and net synthesis of polysaccha- | 


ride were achieved with a partially fractionated, cell-free prepara- 
tion from Type III pneumococcus. 


EXPERIMENTAL PROCEDURE 


The organism used was Diplococcus pneumoniae Type III 
(A66). The pneumococcal cells were grown in Difco brain- 
heart infusion medium (3.7% weight per volume; pH 7.4) con- 
taining 0.1% neopeptone. To reduce the large amount of pre- 
formed capsular polysaccharide which would otherwise have been 
present in the enzyme extracts, the cells were grown in the pres- 
ence of the enzyme catalyzing the hydrolysis of Type III capsu- 
lar polysaccharide. This enzyme was prepared by the method 
of Dubos (12) with the following modification: the autolysate of 
the organisms was centrifuged at high speed, the enzyme pre- 
cipitated from the supernatant solution with (NH,4).SO, at half- 
saturation, collected by centrifugation at 16,000 x g for 30 
minutes at 0°, dissolved in water, dialyzed overnight at 4 
against distilled water, and sterilized by filtration. The sterile 
enzyme was added to a final concentration of 0.5 unit per ml of 
culture medium at the time of inoculation of the culture. One 
unit of enzyme is that amount which will depolymerize 1 mg of 
polysaccharide in 1 ml of solution in 18 hours at 37°. After 
incubation of the culture overnight, glucose was added to a 
concentration of 1% (weight per volume) and the lactic acid 
formed on subsequent incubation was neutralized with 3 n NaOH. 
All cultures were incubated at 36.5°. The decapsulated organ- 
isms were collected by centrifugation at 10,000 x g for 15 min- 
utes at 0° after 70% of the added glucose had been utilized. 

The harvested cells were subjected to the procedure of disinte- 
gration and fractionation described by Smith et al. (13). Potas- 
sium thioglycolate (0.01 M) was present at all stages of fraction- 
ation (14) and the final enzyme extract used was that fraction 
eluted from the Celite filter cake between 3.0 m (NH,4).SO, and 
1.0 m (NH,).S0, as described previously (14). 

Glucose 1-phosphate uniformly labeled with C' was prepared 
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from C-labeled starch (Radiochemical Centre, Amersham, 
England) by the method of McCready and Hassid (15) with 
rabbit muscle phosphorylase (16). 

UDP-glucose labeled with C™ in the glucose moiety was pre- 
pared by the method of Munch-Petersen et al. (17) with C'- 
labeled glucose 1-phosphate, UTP (Sigma Chemical Company), 
the uridyl transferase preparation of Munch-Petersen (18), and 
inorganic pyrophosphatase as prepared by Heppel and Hilmoe 
(19). The UDP-glucose was adsorbed on Norit, eluted with 
50% (volume per volume) ethanol (20), and separated by paper 


' chromatography in the neutral ethanol-ammonium acetate sol- 


vent of Paladini and Leloir (21). Before use, the UDP-glucose 
was extracted from paper by descending elution with 0.1 m 
Tris buffer, pH 9.1. The preparation was entirely free from 
UDP-galactose as determined by spectrophotometric assay (22). 
The specific activity of the UDP-glucose was 1.5 x 10° ¢.p.m. 
per umole. 

UDP-glucuronic acid labeled with C™ in the glucuronic acid 
portion of the molecule was prepared from C-labeled UDP- 
glucose with the dehydrogenase preparation described by Stro- 
minger et al. (23). This enzymic conversion of UDP-glucose to 
UDP-glucuronic acid was coupled with the DPN+-regenerating 
system described by Mills et al. (24). The DPN was removed 
from the reaction mixture by passage through a column of 
Dowex 50-H+ resin, the nucleotides adsorbed on Norit, eluted 
with 50% (volume per volume) ethanol (20), and the UDP- 
glucuronic acid separated by chromatography (20). The UDP- 
glucuronic acid so obtained was eluted from paper with 0.1 
Tris buffer, pH 9.1, and its specific activity was the same as that 
of the UDP-glucose. 

The radioactivity of the samples was determined at infinite 
thinness in a microthin window gas flow counter operated in the 
proportional region. Radioactivity on chromatograms was lo- 
cated with an automatic windowless gas flow paper chromato- 
gram scanner used in the Geiger region (Atomic Accessories 
Inc.). 

Type III capsular polysaccharide was estimated photometri- 
cally by measurement of the turbidity of the specific antigen- 
antibody precipitate formed in the presence of excess antibody 
(1). The uronic acid content of the polysaccharide was esti- 
mated by the carbazole method (25). 

Chromatography of sugars was carried out on Whatman No. 
1 paper in 2-butanol-acetic acid-acetone-water (26), n-butanol- 
ethanol-ammonia-water (27), n-butanol-pyridine-water (28), 
ethanol-ammonium acetate, pH 7.5 (8, 21), and in a solvent 
consisting of 3 parts of the neutral ethanol-ammonium acetate 
solvent (21) and 2 parts of paraldehyde. Ascending chroma- 
tography in this latter solvent gave a good separation of glucu- 
ronic acid (Rr = 0.11), glucose (Ry = 0.32), and glucuronolac- 
tone (Rr = 0.43). The p-anisidine reagent of Hough et al. 
(29) was used for localizing sugar spots and the molybdate rea- 
gent (30) for localizing sugar phosphates. 

Protein concentrations were determined spectrophotometri- 
cally by the method of Warburg and Christian (31). 

The Type III capsular polysaccharide from each experiment 
was isolated in the following manner. After the specified incu- 
bation period, protein was removed from the enzyme digest by 
precipitation with perchloric acid added to a final concentration 
of 0.1 Nn, followed by centrifugation. Norit was added to the 
supernatant solution in an amount calculated to adsorb the 
nucleotides completely. After adsorption for 10 minutes at 0°, 


YUM 


E. E. B. Smith, G. T. Mills, H. P. Bernheimer, and R. Austrian 


1877 


the Norit was separated by centrifugation and the nucleotides 
were recovered for subsequent chromatography by elution with 
50% (volume per volume) ethanol. The supernatant solution 
was adjusted to pH 7.0 with 3 n KOH, chilled at 3° for 1 hour, 
and the potassium perchlorate formed removed by centrifugation. 
To the solution, substantially free of perchlorate, were added 3 
volumes of 95% ethanol together with 1 drop of. glacial acetic 
acid and 2 drops of m sodium acetate to facilitate precipitation 
of the polysaccharide. The preparation was allowed to stand 
overnight at 0°, the polysaccharide collected by centrifugation 
and washed with 95% ethanol, with ether, and dried under re- 
duced pressure. The supernatant solution was retained. 

The dried polysaccharide was suspended in 2 ml of distilled 
water, 0.5 n KOH added to pH 7.0 to effect complete solution, 
and the preparation dialyzed against several changes of distilled 
water at 0° for 2 days. The polysaccharide was reprecipitated 
and dried by the method described previously. This procedure 
was repeated twice more and, after the final dialysis, the material 
was dried under reduced pressure and dissolved in a standard 
volume of distilled water for analysis. During the last two 
manipulations, the nondialyzable radioactivity remained con- 
stant. 


EXPERIMENTAL 


Incorporation of C'*-UDP-Glucose and C4-UDP-Glucuronic acid 
into Type III Capsular Polysaccharide—Numerous preliminary 
experiments showed that glucose and glucuronic acid from C**- 
labeled UDP-glucose and C-labeled UDP-glucuronic acid could 
be incorporated into Type III capsular polysaccharide in the 
presence of the pneumococcal extracts described previously. 
The results reported here represent a quantitative analysis of 
these reactions. In order to study the distribution of labeling in 
the polysaccharide, DPN*+ was omitted from the reaction mix- 
tures to eliminate the conversion of UDP-glucose to UDP-glu- 
curonic acid by the UDP-glucose dehydrogenase present in such 
extracts. 

The results presented in Table I show the incorporation of 


TABLE I 
Incorporation of C'4-glucose and C'4-glucuronic acid from labeled 
UDP-glucose and labeled UDP-glucuronic acid into Type III 
capsular polysaccharide 


The enzyme extract for the following experiments was obtained 
from an 800-ml culture of Type III pneumococcus grown in the 
presence of capsular depolymerase in the manner described. The 
volume of extract was 4 ml and the protein concentration 11.8 mg 
per ml. Each reaction contained 12 ml of 0.1 m Tris buffer, pH 
9.1, containing 0.005 m MgSO,, the amounts of substrates specified, 
and 1 ml of the pneumococcal extract. Incubation was carried 
out at 25° for the time shown. 
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TABLE II 


Lack of incorporation of C'4-glucose and C4-glucose-1-phosphate 
into Type III capsular polysaccharide 

The enzyme extract for the following experiments was obtained 
from a 300-ml culture of Type III pneumococcus grown in the 
presence of capsular depolymerase. The volume of the extract 
was 2.4 ml and the protein concentration 8.3 mg per ml. Each 
reaction contained 12 ml of 0.1 m Tris buffer, pH 9.1, containing 
0.005 m MgSO,, the amounts of substrates specified, and 0.8 ml of 
the pneumococcal extract. Incubation was carried out at 25° 
for 30 minutes. 
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Fig. 1. Location of radioactivity in chromatograms of the acid 
hydrolysates of Type III pneumococcal capsular polysaccharides 
from Experiments 2, 3, and 4 of Table I. Chromatograms were 
developed by ascending chromatography in the paraldehyde- 
ethanol-ammonium acetate solvent for 16 hours. 
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radioactivity into the Type III capsular polysaccharide when 
UDP-glucose and UDP-glucuronic acid were used as substrates 
with either one or both of these nucleotides labeled with C™ 
in the glycosy] residue. 

Use of the carbazole reaction for the estimation of uronic acid 
in the Type III capsular polysaccharide isolated gave values for 
total polysaccharide which were approximately 50% higher than 
those determined by the precipitin reaction. In all cases the 
ratio of the amount of Type III polysaccharide determined by 
one method to that determined by the other was the same. 

Lack of Incorporation of C'*-Glucose and C™-Glucose 1-Phos- 
phate into Type III Polysaccharide—It has been shown that 
pneumococcal extracts prepared by the Celite-(NH4)2SO, frac- 
tionation technique are substantially free from phosphatases 
and pyrophosphatases which produce glucose and glucose 1- 
phosphate from UDP-glucose (13). It was considered essential, 
however, to determine whether or not free glucose or glucose 
1-phosphate could act as glucose donors for the synthesis of 
Type III polysaccharide in the system employed. The results 
of these experiments are shown in Table II. 

The data presented in Tables I and II show that the glucose 
and glucuronic acid incorporated into the Type III polysaccha- 
ride by the preparations used were derived only from the uridine 
pyrophosphoglycosyl compounds and that, in the case of glucose, 
the free sugar or its 1-phospho-derivative are not utilized directly. 


Characterization of Labeled Polysaccharide 


Precipitin Reaction—A preparation of Type III capsular poly- 
saccharide obtained by use of 2 wmoles of C-UDP-glucuronic 
acid and 2 umoles of nonradioactive UDP-glucose as donor sub- 
strates and with a specific activity of 118,000 c.p.m. per mg was 
precipitated with rabbit anti-Type ILI capsular serum in the 
region of antibody excess to ensure maximum precipitation. 
The reaction was carried out with 11.8 ug of polysaccharide, the 
precipitate removed by centrifugation, washed twice with cold 
0.9% (weight per volume) NaCl, and finally dissolved in 0.1 n 
NH,OH. The supernatant solutions and washings were com- 
bined and retained for measurement of radioactivity. The 
antigen-antibody complex in 0.1 nN NH,OH was plated at infinite 
thinness and the total activity was found to be 1260 c.p.m. The 
radioactivity of the initial material was 1400 c.p.m., the differ- 
ence in counts being located in the supernatant solution. 

Hydrolysis of Labeled Polysaccharide—One-half of each of the 
samples of polysaccharide from Experiments 2, 3, and 4 listed in 
Table I was hydrolyzed individually with 1 ml of 0.6 N H2SO, at 
120° for 16 hours in a sealed tube. Each hydrolysate was neu- 
tralized with an excess of solid BaCOs;, the BaSO, removed by 
centrifugation, washed twice with 1 ml of distilled water, and 
the combined supernatant solutions and washings from each 
hydrolysate dried under reduced pressure. The hydrolysates 
were chromatographed in the paraldehyde-ethanol-ammonium 
acetate solvent with glucuronic acid, glucose, and glucuronolac- 
tone as markers. The chromatograms were scanned for radio- 
activity with the automatic chromatogram scanner. The results 
are shown in Fig. 1. 

Under the conditions of hydrolysis, the Type III polysaccha- 
ride was degraded to glucose and glucuronic acid. No cello- 
biuronic acid or higher oligosaccharides were found. Part of the 
glucuronic acid was converted to glucuronolactone and identified 
as such chromatographically. 

The several experiments show that hydrolysates of the Type 
III capsular polysaccharide contained labeled glucose (Experi- 
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ment 2), labeled glucuronic acid and glucuronolactone (Experi- 
ment 3), and labeled glucose, glucuronic acid, and glucuronolac- 
tone (Experiment 4), in accordance with the C-labeled sub- 
strates used. 

Degradation of Labeled Polysaccharide by Enzyme Depolymeriz- 
ing Type III Capsular Polysaccharide—The remaining 50% of 
the polysaccharide from Experiment 4 in Table I was dissolved 
in 1 ml of 0.01 m phosphate buffer, pH 7.0, containing 0.1% 
(weight per volume) NaCl. To this solution were added 15 
units of the Type III capsular depolymerase, and the mixture 
was incubated at 37° for 5 hours. At the end of this period, the 
material was dialyzed against several changes of distilled water 
for 24 hours at 3°. The total counts in the polysaccharide be- 
fore incubation with the depolymerase were 7350. After incuba- 
tion and dialysis the total counts were reduced to a value of 986. 

Fractional Distribution of Total Added Radioactivity—Table 
III shows the distribution of total radioactivity present in Ex- 
periments 1 through 4 of Table I. The values for radioactivity 
of the UDP-glucose and UDP-glucuronic acid were obtained 
by elution of the Norit-adsorbed nucleotides with 50% (volume 
per volume) ethanol followed by chromatography in the neutral 
ethanol-ammonium acetate solvent of Paladini and Leloir (21). 
In each reaction, the ultraviolet-absorbing bands corresponding 
to UDP-glucose and UDP-glucuronic acid were cut from the 
chromatogram and eluted quantitatively with distilled water by 
descending chromatography. Aliquots of the eluates were then 
plated and counted at infinite thinness. Scanning of the chro- 
matograms with the automatic scanner before elution showed 
no areas of radioactivity other than those associated with the 
nucleotides under consideration. 

It will be noted that a very considerable portion of the added 
radioactivity was located as material which was not adsorbed 
with Norit but was present in the supernatant solutions from 
the first polysaciaride precipitation. When the supernatant 
solutions were concentrated under reduced pressure, no Type III 
capsular polysaccharide could be detected by the precipitin 
reaction. Chromatography of suitable aliquots of the concen- 
trated materials in ethanol-ammonium acetate (21), 2-butanol- 
acetone-acetic acid water (26), n-butanol-ethanol-ammonia- 
water (27), and n-butanol-pyridine-water (28) showed that the 
radioactivity in each experiment was not associated with glucose, 
glucose 1-phosphate, glucuronic acid, glucuronic acid 1-phos- 
phate, or a uridine nucleotide. The nature of this material is 
under investigation. 


DISCUSSION 


The role of UDP-glucose as a donor of glucose in the synthesis 
of various polysaccharides containing only glucose has been 
demonstrated by a number of investigators (5-7) and UDP-N- 
acetylglucosamine has been established as the precursor of chitin 
(4). In the synthesis of heteropolysaccharides such as hyalu- 
ronic acid (3), it has been shown that both of the constituent 
glycosyl components must be present initially as uridine pyro- 
phosphoglycosyl compounds. 

Type III pneumococcal polysaccharide is a polymer of cello- 
biuronic acid (8-1 ,4-glucuronosido-glucose), and it seemed prob- 
able that UDP-glucose and UDP-glucuronic acid would act as 
glycosyl donors for its synthesis. Earlier work (11) had shown 
that synthesis of capsular polysaccharide by certain strains of 
pneumococci is dependent on an intact pathway of uridine pyro- 
phosphoglycosyl metabolism, and that the lack of only one 
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enzyme therein leads to a block in the synthesis of such poly- 
saccharide. 

In the present work, it is apparent that UDP-glucose and 
UDP-glucuronic acid act as glycosyl donors in the formation of 
Type III capsular polysaccharide by a cell-free system. When 
UDP-glucuronic acid is used as the donor of glucuronic acid, 
neither glucose nor glucose 1-phosphate will act as acceptors for 
the formation of polysaccharide. Although glucuronic acid and 
glucuronic acid 1-phosphate have not been examined as donors 
of glucuronic acid in the presence of UDP-glucose, UDP-glucu- 
ronic acid would appear to be the most likely donor of uronic acid 
to the system, as the initial formation of uronic acid in the pneu- 
mococcus occurs through the oxidation of UDP-glucose to UDP- 
glucuronic acid. 

It is interesting to note that the incorporations of glucose and 
of glucuronic acid from C-UDP-glucose and from C-UDP- 
glucuronic acid, respectively, occur in a ratio of 1:1. When C- 
UDP-glucuronic acid is used as the limiting substrate, it is ap- 
parent from Table I that any increase in the concentration of 
UDP-glucose above equimolarity with UDP-glucuronic acid 
produces no further increase in the incorporation of isotope. 
When both substrates are labeled, the incorporation of isotope is 
doubled. 

The pathway for the formation of Type III pneumococcal 
capsular polysaccharide may then be summarized as follows: 


UTP + Glucose-1-P = 


PP; + UDP-glucose — UDP-glucuronic acid 
\ Lv 


(glucose-4-8-1-glucuronic acid), 


- It will be noted from Table I that there is a net increase in the 
amount of Type III polysaccharide after incubation of the reac- 
tion mixture for 30 minutes. The presence of a small amount of 
Type III polysaccharide in the enzyme preparations makes it 
impossible to determine, at the present time, whether or not a 
primer molecule is necessary for the synthesis of polysaccharide. 

There can be little doubt concerning the nature of the material 
synthesized in view of its specific reaction with Type III anti- 
serum and the almost quantitative recovery of the radioactivity 
from the precipitated antigen-antibody complex. In addition, 
the enzyme specifically depolymerizing Type III polysaccharide 
renders almost 90% of the radioactivity dialyzable after an 
incubation period of 5 hours. It is known that this enzyme will 
reduce Type III capsular polysaccharide during the same period 
of time to fragments with an average chain length of only 2% of 
that of the original polysaccharide. 

Acid hydrolysis of the Type III polysaccharide to glucose and 
glucuronic acid shows that C'-UDP-glucose contributes only to 
labeling of the glucose residues of the molecule and C4-UDP- 
glucuronic acid to labeling of the glucuronic acid residues. When 
both labeled substrates are used simultaneously, both residues 
of the Type III polysaccharide are labeled. 

The radioactive material which is not associated with Type 
III capsular polysaccharide, nucleotides, free sugars, or sugar 
phosphates, but which is freely dialyzable may consist of com- 
pounds intermediate in the synthesis of Type III polysaccharide. 

Although the present data are insufficient to suggest a precise 
mechanism for the formation of Type III pneumococcal capsular 
polysaccharide, any proposed mechanism must take cognizance 
of the fact that, in the uridine nucleotides, the glycosyl groups 
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are probably in the a form, whereas, in Type III polysaccharide, 
all linkages are of the 8 variety. Transfer of these glycosyl units, 
therefore, must involve an inversion at C-1, as in the formation 
of 6-glucuronides and as in the synthesis of hyaluronic acid. 


SUMMARY 


An enzyme system catalyzing the synthesis of Type III pneu- 
mococcal capsular polysaccharide from uridine diphosphoglucose 
and uridine diphosphoglucuronic acid has been obtained by 
fractionation of disrupted Type III capsulated pneumococci with 
ammonium sulfate. 

The synthesis of polysaccharide was demonstrated by the 
incorporation of C-labeled precursors, and the radioactive 
polysaccharide was shown to be precipitable by Type III pneu- 
mococcal capsular antiserum. Hydrolysis of the polysaccharide 
followed by chromatography showed the specificity of uridine 
diphosphoglucose and uridine diphosphoglucuronic acid as do- 
nors of glucose and of glucuronic acid, respectively. Glucose 
and glucose 1-phosphate were not incorporated into the poly- 
saccharide in the presence of uridine diphosphoglucuronic acid. 
Net synthesis of polysaccharide has been demonstrated. 
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The formation of pentose phosphate from hexose monophos- 


) phate involves either the oxidative pathway from glucose 6- 


phosphate through 6-phosphogluconate or the series of nonoxi- 
dative transfer reactions catalyzed by transketolase and 
transaldolase, in which sedoheptulose 7-phosphate is an inter- 
mediate (1). In mammalian tissues the nonoxidative pathway 
appears to play a major role (2-5), accounting for the synthesis 
of more than 50% of the ribose of ribonucleic acid and the acid- 
soluble nucleotides. 

Pentose phosphate synthesis from hexose monophosphate by 
the nonoxidative pathway has been presumed to involve the 
following sequence of reactions (1): 


Fructose 6-phosphate + glyceraldehyde 3-phosphate 


(1) 


trensketelens xylulose 5-phosphate + erythrose 4-phosphate 


transaldolase 
Fructose 6-phosphate + erythrose 4-phosphate ———————> 


sedoheptulose 7-phosphate + glyceraldehyde 3-phosphate 


(2) 


Sedoheptulose 7-phosphate + glyceraldehyde 3-phosphate 


transketolase (3) 





xylulose 5-phosphate + ribose 5-phosphate 


imerase . 
Xylulose 5-phosphate enone ribulose 5-phosphate 
i (4) 
ribose 5-phosphate 





Sum (1 + 2 + 3 + 4): 2 Fructose 6-phosphate 
+ glyceraldehyde 3-phosphate = 3 pentose phosphate 
Sum (1 + 2): 2 Fructose 6-phosphate = 
sedoheptulose 7-phosphate + xylulose 5-phosphate 


Thus the synthesis of pentose phosphate from hexose monophos- 
phate should require stoichiometric quantities of triose phosphate. 
On the other hand only catalytic or priming amounts of either 
triose phosphate or tetrose phosphate should be required for 
the accumulation of heptulose phosphate (Reactions 1 and 2). 
The first indication that this formulation of the role of triose 
phosphate might require modification came from the work of 
Bonsignore et al. (6, 7) who found that thoroughly dialyzed rat 
liver extracts catalyzed an active synthesis of heptulose phos- 
phate from hexose monophosphate alone, in the absence of any 
detectable quantities of triose phosphate. In fact, added triose 
phosphate failed to alter the course of the reaction, although the 


* Supported by a grant from the National Science Foundation. 


presence of enzymes which catalyzed the removal of triose phos- 
phate during the reaction led to a reduction in the quantity of 
heptulose produced (8). 

The conversion of hexose monophosphate to heptulose phos- 
phate can be shown to occur as well with mixtures of purified 
transketolase and transaldolase, in the absence of detectable 
quantities of triose phosphate or other acceptor. The results 
reported here suggest a coupled attack of transketolase and 
transaldolase upon 2 moles of fructose 6-phosphate, the former 
producing erythrose 4-phosphate and the latter glyceraldehyde 
3-phosphate, each of these cleavage products serving as acceptor 
for the other enzyme. 


EXPERIMENTAL PROCEDURE 


Materials and Methods 


Transketolase was prepared from spinach leaves and assayed 
as previously described (9). The preparations showed specific 
activity between 60 and 90 units per mg. Transaldolase was 
prepared from Torula yeast kindly provided by the Lake States 
Yeast Corporation, Rhinelander, Wisconsin. The details of the 
method are given below. This yeast was also used for the puri- 
fication of 6-phosphogluconic dehydrogenase, by the use of the 
procedure previously described (10). The preparation is rich in 
glucose 6-phosphate dehydrogenase and was used when the latter 
enzyme was required. Hexosephosphate isomerase was an am- 
monium sulfate fraction from rabbit muscle, collected between 
52 and 70% saturation according to the method of Taylor et al. 
(11). The same preparation was employed as a source of a- 
glycerophosphate dehydrogenase and triosephosphate isomerase. 
Crystalline a-glycerophosphate dehydrogenase, free of triose- 
phosphate isomerase, was purchased from Boehringer and Séhne. 
Crystalline preparations of triosephosphate isomerase and al- 
dolase, prepared by the method of Beisenherz et al. (12), were 
kindly provided by Dr. B. Bloom of the National Institutes of 
Health. Xylulose 5-phosphate-3-epimerase and phosphoketo- 
lase were purified from extracts of Lactobacillus plantarum (13). 
Pentosephosphate isomerase was purified from spinach by the 
method of Hurwitz et al. (14). 

Fructose 6-phosphate was a commercial preparation, purified 
by paper chromatography as described below. Sedoheptulose 
7-phosphate was prepared as previously described (15). p- 
Erythrose 4-phosphate dimethyl acetal, as the crystalline cyclo- 
hexylamine salt, was kindly provided by Dr. C. Ballou of the 
University of California. Glucose 6-phosphate was the crys- 
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talline barium salt (16). 
commercial sources. 

The dialyzed liver supernatant fraction was prepared as de- 
scribed by Bonsignore et al. (6). 

Routine assays for transketolase and transaldolase were car- 
ried out as previously described (15, 17). Triose phosphate was 
determined enzymatically by the method of Racker (18). Glu- 
cose 6-phosphate and fructose 6-phosphate were determined 
with glucose 6-phosphate dehydrogenase, with or without the 
addition of phosphoglucose isomerase. Pentose was determined 
by the orcinol reaction (19) and heptulose by the cysteine-car- 
bazole method of Dische (20). Sedoheptulosan employed as 
standard for the colorimetric procedures was kindly provided by 
Dr. N. K. Richtmyer of the National Institutes of Health. 

For the assay of pentose phosphate in the presence of sugars 
which interfered with the orcinol test, an enzymatic test was 
employed, based on the cleavage of p-xylulose 5-phosphate by 
phosphoketolase (13). The incubation mixture contained 10 
pmoles of inorganic phosphate, 0.05 umole of thiamine pyro- 
phosphate, 370 units of xylulose 5-phosphate-3-epimerase, 8 units 
of pentosephosphate isomerase, 91 units of phosphoketolase, 3 
pmoles of glutathione, and 1 ymole of MgCl: in a total volume 
of 0.16 ml. Incubation was at 37°. Aliquots at 30 and 60 
minutes were assayed for triose phosphate; the reaction was 
usually complete in 30 minutes. 


Other substances were obtained from 


Purification of Transaldolase 


Autolysis and Acetone Fractionation—Torula yeast is a rich 
and convenient source of transaldolase and was employed in the 
present work. The following procedure is simpler and yields a 
more active preparation than that described previously for 
brewers’ yeast (Table I). The dried yeast preparation (250 g) 
was reduced to a fine powder by treatment for 2 minutes in a 
Waring Blendor and suspended in 600 ml of 0.1 n NaHCOs. 
After 74 hours at 25° the autolyzed suspension was diluted with 
3300 ml of cold water and centrifuged (yeast autolysate, 3600 
ml). The clear extract was divided into 4 equal parts and frac- 
tionated with acetone. Each aliquot (900 ml) was adjusted to 
pH 4.6 to 4.7 with about 5 ml of 5 N acetic acid, transferred to a 
2-liter beaker at —10° and treated with 275 ml of cold (—10°) 
acetone, added in about 2 minutes. The solution, now at —2 
to —3°, was centrifuged for 7 minutes at 4200 r.p.m. in the 
International PR 2 centrifuge, cooled to —10°. The supernatant 
solution was returned to the freezing bath and treated with 275 
ml of acetone. The solution, now at —5°, was again centri- 
fuged. A final fraction containing most of the activity was 


TABLE I 
Purification of transaldolase from Torula yeast 














Step Total units Specific activity 
units/mg. 
Yeast autolysate 21,600 0.52 
Acetone Fraction A 13, 200 12.1 
Gel fraction 11,400 20.8 
Acetone Fraction B 7,000 60.5 
Ammonium sulfate Fraction B* 1,170 150.0 





* This step was carried out with 1.1 ml (1160 units) of acetone 
Fraction B. 
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obtained by the addition of 455 ml of acetone at —10°. This 
last fraction was suspended in 90 ml of cold water and adjusted 
to pH 7.0 with 1.0 n and 0.1 nN KOH. The four final fractions 
were combined (368 ml) and the activity precipitated with am- 
monium sulfate. The first precipitate, obtained by addition of 
110 g of ammonium sulfate, was discarded. The supernatant 
solution was treated with 66 g of ammonium sulfate. This 
second precipitate was collected and dissolved in 30 ml of 0.04 
Mm triethanolamine buffer, pH 7.4, containing 0.01 m ethylenedi- 
aminetetraacetic acid. The solution was dialyzed overnight at 
2° against flowing 0.05 m potassium acetate, pH 7.4 (acetone 
Fraction A, 40.5 ml). 

Calcium Phosphate Gel Absorption—To the dialyzed solution 
were added 101 ml of water, to reduce the protein concentration 
to about 7 mg per ml, and 270 ml of calcium phosphate gel (21), 
containing 11.2 mg of solids per ml. The gel was collected by 
centrifugation and the activity eluted successively with 270 ml 
and 200 ml portions of 0.05 m phosphate buffer, pH 7.8 The 
combined eluate (540 ml) was treated with 204 g of ammonium 
sulfate. The precipitate which formed was discarded and a 
second collected by the addition of 86.5 g of ammonium sulfate. 
The precipitate was dissolved in 0.25 m glycylglycine buffer, pH 
7.4 (gel fraction, 15 ml). 

Second Acetone Fractionation—To the gel fraction was added 
34.6 ml of 0.25 m glycylglycine buffer, pH 7.4, to bring the pro- 
tein to 10 mg per ml; this solution was diluted with 56.4 ml of 
0.1 m potassium acetate buffer, pH 5.0. Three fractions were 
collected by the successive addition of 54.6, 22.8, and 22.8 ml of 
acetone, in the same way as before. The third fraction, con- 
taining the bulk of the activity, was dissolved in 8.0 ml of 0.25 
M glycylglycine buffer, pH 7.4. From this solution (10.4 ml) 
the activity was precipitated with ammonium sulfate. The 
solution was treated with an equal volume of saturated am- 
monium sulfate (saturated at room temperature, pH adjusted to 
7.5 with NH,OH). The small precipitate was removed by 
centrifugation and the supernatant solution treated with 4 g of 
solid ammonium sulfate. The precipitate was collected by high 
speed centrifugation and dissolved in 5 ml of 0.25 m glycylglycine 
buffer, pH 7.4. Mercaptoethanol (0.005 ml) was added to the 
solution (acetone Fraction B, 6.0 ml). 

Fractionation with Ammonium Sulfate at Room Temperature— 
The gel fraction or acetone Fraction B were used in most experi- 
ments; these were stable at —10° for several months when 
mercaptoethanol was present. Further purification of acetone 
Fraction B was carried out with small aliquots. In the experi- 
ment shown in Table I, 1.1 ml of acetone Fraction B were diluted 
with 0.4 ml of water; the protein concentration was 12.4 mg per 
ml and the ammonium sulfate saturation (by conductivity meas- 
urement on a diluted aliquot) was 0.16. This solution was 
treated with 1.5 ml of room temperature, saturated ammonium 
sulfate, pH 7.4, added slowly in an ice bath. The solution was 
then warmed to room temperature for 30 to 60 minutes and cen- 
trifuged. Three more fractions were collected in the same way 
by the successive addition of 0.4-ml quantities of room tempera- 
ture, saturated ammonium sulfate. The last two fractions, con- 
taining 65 to 100% of the original activity, were dissolved in a 
total of 1.0 ml of glycylglycine buffer, pH 7.4, and treated with 
0.001 to 0.002 ml of mercaptoethanol (ammonium sulfate Frac- 
tion B). 

The preparations were stored at —10°. From time to time, 
with repeated thawing, additional mercaptoethanol was added. 
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Fic. 1. Heptulose formation from glucose 6-phosphate with 
liver extract and with a mixture of purified transketolase (7K) 
and transaldolase (7A). The reaction mixtures (2.7 ml) con- 
tained 10 wmoles of glucose 6-phosphate, 0.2 umole of thiamine 
pyrophosphate, 4 umoles of MgCl:, and 125 zmoles of glycylglycine 
buffer, pH 7.4. The liver extract, assayed for transketolase and 
transaldolase, was found to contain 4 units per ml of the former 
and 1.5 units per ml of the latter. The tests with purified enzymes 
contained 0.36, 0.72, and 1.44 units of transketolase and 0.15, 0.30, 
and 0.60 unit of transaldolase, respectively. In addition, 0.01 ml 
of hexosephosphate isomerase was added to the purified enzyme 
tests. Incubation was at 37°. Aliquots for heptulose assay were 
heated at 100° and filtered. 
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Fig. 2. Activity of the transketolase-transaldolase mixture 
with glucose 6-phosphate and fructose 6-phosphate as substrates. 
The reaction mixtures were as described in the legend to Fig. 1, 
with 0.96 unit of transketolase and 0.5 unit of transaldolase and 12 


umoles of either glucose 6-phosphate or fructose 6-phosphate as 
indicated. 


Formation of Heptulose from Fructose 6-Phosphate 


Comparison of Liver Extract and Purified Enzymes—The for- 
mation of heptulose phosphate from glucose 6-phosphate pro- 
ceeds at identical rate with either the dialyzed liver supernatant 
fraction or a mixture of purified spinach transketolase and yeast 
transaldolase (Fig. 1). The quantities of transketolase and 
transaldolase added in this experiment were exactly equal to 
those found by analysis to be present in the liver preparation. 

With glucose 6-phosphate as substrate, hexosephosphate isom- 
erase was required in addition to transketolase and transal- 
dolase; this was not the case when glucose 6-phosphate was 
replaced by fructose 6-phosphate (Fig. 2). In the absence of 
isomerase the rate of heptulose phosphate formation was ap- 
proximately seven times greater with fructose 6-phosphate in 
place of glucose 6-phosphate. The decrease in activity which 
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resulted when hexosephosphate isomerase was added to the ves- 
sel containing fructose 6-phosphate suggested that high levels of 
this substrate were necessary to saturate the system (see below). 

Levels of Transketolase and Transaldolase—In the absence of 
either transketolase or transaldolase no heptulose phosphate was 
formed from fructose 6-phosphate or glucose 6-phosphate (Fig. 
3). When these enzymes were tested in varying proportions it 
was found that transketolase was limiting even though in terms 
of equivalent units it was present in excess (4.0 units of trans- 
ketolase compared with 1.5 units of transaldolase). The activ- 
ity of the system was maximal when the ratio of transaldolase 
units to transketolase units reached about 0.24; only with a 
large excess of the latter enzyme did the quantity of transal- 
dolase tend to become limiting. 

Stoichiometry of Reaction—The disappearance of hexose mono- 
phosphate was accompanied by the formation of heptulose 
phosphate as the major product (Table II). For each mole of 
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Fig. 3. The rate of heptulose phosphate formation as a function 
of variation in the level of transketolase and transaldolase. The 
reaction conditions were as described in the legend to Fig. 1 for 
the purified enzyme preparations except that 10 zmoles of fructose 
6-phosphate were added in place of glucose 6-phosphate. Aliquots 
were removed at 15 and 30 minutes, treated with 0.05 volume of 
60% perchloric acid, and assayed for heptulose. The reaction 
rate was calculated from the average of the two determinations. 


TABLE II 
Stoichiometry in the reaction 

The reaction mixture (2.5 ml) contained 10.2 umoles of fructose 
6-phosphate, 1.2 umoles of thiamine pyrophosphate, 4 umoles of 
MgCl., 1.1 units of transketolase and 0.35 unit of transaldolase, 
in 0.05 m glycylglycine buffer. Aliquots (0.5 ml) were collected, 
treated with 0.1 ml of 60% perchloric acid, and centrifuged. The 
supernatant solutions were neutralized with 0.11 ml of 7 n KOH. 
Potassium perchlorate was allowed to crystallize at 0° and suit- 
able aliquots of the supernatant solution were assayed for the 
several components as described in the ‘“Methods’”’ section. 














Minutes 

Theory* 

is | 30 | 6 | 120 | 20 
pumoles pmoles 

Hexose phosphate utilized 1.80) 2.57) 3.44| 3.39) 3.39 
Heptulose phosphate formed | 1.38] 2.11] 2.54) 2.61] 2.47/] 2.5 
Triose phosphate formed 0.20} 0.32) 0.55) 0.54) 0.38) 0.8 

Pentose phosphate formed 0.08) 0.25) 0.14) 0.13) 0.15 








* Predicted for 3.4 umoles of hexose utilized. 
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hexose monophosphate utilized, 0.75 mole of heptulose phosphate 
was formed, accounting for 87% of the hexose carbon atoms. 
In addition, lesser quantities of triose phosphate and pentose 
phosphate accumulated, representing 7% and 3% of the hexose 
carbon atoms, respectively. No tetrose phosphate could be 
detected (see Reaction 2). The reaction stoichiometry is in 
good agreement with that expected from Reactions 1 and 2 and 
the further conversion of pentose phosphate: 

2 Hexose monophosphate = 


1+2 
heptulose phosphate + pentose phosphate ) 


Pentose phosphate = 
0.5 heptulose phosphate + 0.5 triose phosphate 





Sum 1 + 2 + 5: 2 Hexose monophosphate = 
1.5 heptulose phosphate + 0.5 triose phosphate 


The reaction reached equilibrium when one-third of the hexose 
monophosphate was utilized; at this point the molar ratio of 
hexose monophosphate to heptulose phosphate was approxi- 
mately 2.3. To demonstrate that the reaction had indeed 
reached equilibrium and not come to rest because of enzyme 
inactivation, sedoheptulose 7-phosphate was added after the 
reaction had stopped (Table III). This addition resulted in an 
increase in hexose monophosphate and produced a final mixture 


TaBe III 
Reversal of the reaction by sedoheptulose 7-phosphate 


The reaction mixtures (1.3 ml) contained 4.7 umoles of fructose 
6-phosphate, 0.1 umole of thiamine pyrophosphate, 2.0 umoles of 
MgCl, 0.54 unit of transketolase, and 0.21 unit of transaldolase, 
in 0.05 m glycylglycine buffer, pH 7.4. One mixture was treated 
at 120 minutes with 1.4 umoles of sedoheptulose 7-phosphate and 
incubated for 120 minutes longer. Each reaction was stopped at 
the time indicated by the addition of 0.05 ml of 60% perchloric 
acid, centrifuged, and the supernatant solution neutralized with 
0.055 ml of n KOH. 








Time bese oy hos- ie | tamaconand Ratio A/B 
minutes pumoles pmoles 
0 4.70 0.00 
120 3.11 1.32 2.35 
120 (3.11)* (2.72)* 
240 4.10 2.00 2.05 














* Calculated to be present immediately after addition of sedo- 
heptulose 7-phosphate at 120 minutes. 


TaBLeE IV 
Hezxose monophosphate formation from sedoheptulose 7-phosphate 


The reaction mixtures were as described for Table III, except 
that 5.5 umoles of sedoheptulose 7-phosphate were added initially 
instead of fructose 6-phosphate. Incubation was for 60 minutes 














at 37°. 
a Sedohentu- lntegnsnsnene- 
Addition | lose utilized = 
| umole pmole 
None | 0.8 0.5 
Glyceraldehyde 3-phosphate (0.13 umole) 0.9 
Glucose 6-phosphate (0.13 umole) 0.5 
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containing essentially the same proportion of hexose and hep- 
tulose esters as was present before the reaction was reversed, 
One-half (0.7 umole) of the sedoheptulose 7-phosphate added at 
120 minutes was consumed, with the production of 1.0 umole of 
hexose monophosphate. The ratio A heptulose to A hexose was 
0.70, identical with the ratio calculated from the reaction in the 
reverse direction (Table II). These results indicate that the re- 
action had come to rest because a true equilibrium was reached. 

Incubation of Sedoheptulose 7-phosphate with Transketolase and 
Transaldolase—Since the addition of sedoheptulose 7-phosphate 
to the reaction mixture at equilibrium produced an increase in 
hexose monophosphate, it was expected that a similar result 
might follow the addition of sedoheptulose 7-phosphate directly 
to a mixture of transketolase and transaldolase. However, 
little reaction was found to occur with sedoheptulose 7-phos- 
phate added alone, or even when this was added together with 
catalytic quantities of triose phosphate or glucose 6-phosphate 
(Table IV). The ratio of hexose monophosphate to heptulose 
phosphate after 1 hour was 0.11 compared with 2.3 calculated in 
experiments with fructose 6-phosphate. Possible reasons for 
this difference in end point with sedoheptulose 7-phosphate and 
fructose 6-phosphate will be considered later. 


Primer Requirement 


In the conversion of hexose monophosphate to heptulose phos- 
phate, no evidence could be found for the need for priming 
quantities of an acceptor for either transketolase or transal- 
dolase. The reaction was observed to begin at once on addition 
of fructose 6-phosphate (Fig. 2) and was not more rapid when 
significant quantities of triose phosphate, which can serve as 
acceptor for transketolase (Equation 1), had accumulated (ef. 
Table II). It was therefore of interest to consider whether any 
other component of the reaction mixture might serve as acceptor 
for transketolase or transaldolase. Unidentified impurities in 
the fructose 6-phosphate preparation might play such a role; an 
important possibility was glucose 6-phosphate itself, since it has 
been suggested (22) that octulose 8-phosphate is a substrate for 
transketolase. The following experiments were carried out to 
test these possibilities. 

Purification of Fructose 6-Phosphate—The commercial fructose 
6-phosphate preparation employed in these studies was found to 
contain only 60% of the total organic phosphate as fructose 6- 
phosphate (by enzymatic assay). Approximately 10% was glu- 
cose 6-phosphate; the remainder could not be identified. The 
preparation was chromatographed on paper with amy] acetate- 
acetic acid-water (3:3:1) and eluted. After this treatment, 
glucose 6-phosphate could no longer be detected and fructose 
6-phosphate accounted for more than 90% of the total phosphate. 
However, when the product was tested with a mixture of trans- 
ketolase and transaldolase it was found that the rate of formation 
of heptulose phosphate was unchanged (Fig. 4). Reference has 
previously been made to the low affinity of the system for fructose 
6-phosphate; K,, calculated from the data in Fig. 4 was 3 X 
10-* m. The fact that the dissociation constant was unchanged 
by purification of the substrate supports the conclusion that it is 
indeed the K,, of fructose 6-phosphate which is being measured, 
and not that of a trace contaminant which limits the reaction 
rate. This result tends to exclude the possibility that a con- 
taminant in the fructose 6-phosphate preparation serves as 
acceptor in the transketolase or transaldolase reactions. 

Possible Primer Function of Glucose 6-Phosphate and Role of 
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Fic. 4. Heptulose phosphate formation from commercial and 
chromatographed fructose 6-phosphate. The reaction mixture 
(1.0 ml) contained fructose 6-phosphate as indicated, 1.6 umoles 
of MgCle, 0.08 zmole of thiamine pyrophosphate, 0.4 unit of trans- 
ketolase, and 0.18 unit of transaldolase, in 0.05 m glycylglycine 
buffer, pH 7.4. Incubation was at 37°. At 10- and 20-minute 
intervals, aliquots were analyzed for heptulose phosphate. The 
rates shown in the figure were calculated from the mean values. 
In the upper portion of the figure the data is plotted according to 
Lineweaver and Burk (24). 


Triose Phosphate—Since purification of fructose 6-phosphate did 
not affect its activity with respect to heptulose formation, it 
seemed unlikely that glucose 6-phosphate played a role in this 
process. In addition it could be shown that neither glucose 
6-phosphate nor triose phosphate altered the rate of heptulose 
phosphate formation from chromatographed fructose 6-phos- 
phate. 


Enzyme-Substrate Affinity Constants 


To assess the possible role of traces of acceptors in the reac- 
tion and to determine which of the two enzymes set the require- 
ment for high concentrations of fructose 6-phosphate, enzyme- 
substrate affinity constants were determined: 

Transaldolase with Erythrose 4-Phosphate and Fructose 6-Phos- 
phate—The assay system described by Cooper et al. (23) was 
used for the assay of erythrose 4-phosphate and for determining 
the effect of substrate concentration on the activity of transal- 
dolase (Reaction 2). The rate of formation of triose phosphate 
was measured with a-glycerophosphate dehydrogenase and 
DPNH (Fig. 5). In this assay system, with excess erythrose 
4-phosphate and fructose 6-phosphate the rate of triose phos- 
phate formation was proportional to the activity of transaldol- 
ase. The reaction was inhibited by high concentrations of 
erythrose 4-phosphate, but at low levels of this substrate the 
Lineweaver-Burk equation (24) was obeyed and K, at 25° was 
calculated to be 1.8 X 10-5 m. For fructose 6-phosphate, K, 
at 25° was calculated to be 3.2 x 10-* . 

Transketolase and Fructose 6-Phosphate—When fructose 6- 
phosphate was employed as substrate the reaction could be 
followed by measuring the rate of erythrose 4-phosphate forma- 
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tion (Fig. 6). In the presence of excess transaldolase and with 
D,L-glyceraldehyde as acceptor for transketolase the rate of 
DPNH oxidation became proportional to the quantity of trans- 
ketolase added. Maximal reaction velocity was not reached in 
the range of fructose 6-phosphate added; K, at 25° was calcu- 
lated to be 3.2 x 10-*m. A similar K, for fructose 6-phosphate 
was derived from measurement of the rate of heptulose phos- 
phate formation (Fig. 4). 
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Fic. 5. The effect of erythrose 4-phosphate and fructose 6-phos- 
phate concentration on the reactivity of transaldolase. For ery- 
throse 4-phosphate the reaction mixtures (1.5 ml) contained 1 
umole of fructose 6-phosphate, 0.24 umole of DPNH, 0.03 ml of 
glycerophosphate dehydrogenase (with triose phosphate iso- 
merase), 0.088 unit of transaldolase, and 0.03 m triethanolamine 
buffer, pH 7.4. For fructose 6-phosphate the reaction mixture 
was similar except that 0.2 umole of erythrose 4-phosphate was 
added in each case. The change in optical density at 340 mu was 
measured in a Cary spectrophotometer. The reaction tempera- 
ture was 25°. 
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Fic. 6. The effect of fructose. 6-phosphate concentration on 
the activity of transketolase. The reaction mixture was similar 
to that described in Table V except that 0.9 unit of transaldolase 
and 1.0 umole of p,L-glyceraldehyde were added. The tempera- 
ture was 25°. 
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TABLE V 


Inability of glucose 6-phosphate to serve as acceptor 


for active glycolaldehyde 
etolase 





Fructose-6-P + acceptor tetrose phosphate 
+ condensation product tetrose phosphate 


ransaldolase ‘ 
+ fructose-6-P ane olane triose 
phosphate + sedoheptulose-7-P 








Addition Triose phosphate formed 





pmole/10 min 


None 0.01* 
Glucose 6-phosphate (5 wmoles) 0.01 
p,L-Glyceraldehyde (5 umoles) 0.96 








*In the absence of the triose phosphate assay system, which 
removes this product, the rate of triose phosphate formation 
would be about 0.08 umole per 10 minutes (calculated from the 
data in Table II). The reaction mixtures (0.9 ml) contained 0.51 
umole of fructose 6-phosphate, 0.1 umole of DPNH, 0.9 unit of 
transketolase, 0.21 unit of transaldolase, 0.003 ml of crystalline 
glycerophosphate dehydrogenase, 0.005 ml of triosephosphate 
isomerase (0.02 unit), 0.1 wmole of thiamine pyrophosphate, and 
2.0 umoles of MgCle, in 0.12 m glycylglycine buffer, pH 7.4. 











TaBLe VI 
Inhibition by inorganic phosphate 
Reaction tested* concer tration| Inhibition 
M % 

A. Transketolase plus transaldolase (hep- 0.02 77 
tulose phosphate formation from fruc- 
tose 6-phosphate) 

B. Transaldolase (triose phosphate forma- 0.02 30 
tion from fructose 6-phosphate and 0.10 69 
erythrose 4-phosphate) 

C. Transaldolase (hexose monophosphate 0.02 48 
formation from sedoheptulose 7-phos- 0.10 88 
phate and triose phosphate) 

D. Transketolase (triose phosphate forma- 0.02 61 
tion from ribose 5-phosphate) 0.10 87 








* The following reaction mixtures were employed: 

A. Fructose 6-phosphate, 10 wmoles; thiamine pyrophosphate, 
0.2 umole; MgClz, 4 umoles; glycylglycine buffer, pH 7.4, 0.12 m; 
transketolase, 0.72 unit; transaldolase, 0.3 unit; total volume, 2.5 
ml. 

B. Fructose 6-phosphate, 2.0 wymoles; erythrose 4-phosphate, 
1.5 umoles; DPNH, 0.1 umole; a-glycerophosphate dehydrogenase, 
1.2 mg; triethanolamine buffer, pH 7.4, 0.03 m; transaldolase, 0.09 
unit; total volume, 1.5 ml. 

C . Sedoheptulose 7-phosphate, 0.34 umole; fructose diphos- 
phate, 0.4 umole; TPN, 0.12 umole; a-glycerophosphate de- 
hydrogenase, 0.43 mg; aldolase, 0.02 mg; glucose 6-phosphate 
dehydrogenase, 0.36 mg; transaldolase, 0.03 unit; triethanolamine 
buffer; pH 7.6, 0.03 m; total volume, 1.1 ml. 

D. Ribose 5-phosphate, 1.0 umole; thiamine pyrophosphate, 0.1 
pmole; MgCl., 2.0 uymoles; DPNH, 0.09 umole; xylulose 5-phos- 
phate-3-epimerase, 270 units; a-glycerophosphate dehydrogenase, 
5 mg; glycylglycine buffer, pH 7.6, 10 umoles; total volume, 1.05 
ml. The transketolase preparation contains an excess of phos- 
phoribose isomerase. 
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In this test system p,L-glyceraldehyde was not replaced by 
glucose 6-phosphate; this provides further evidence that glucose 
6-phosphate was not active as acceptor for the transketolase C, 
fragment (Table V). 

Inhibition by Phosphate—The formation of heptulose phos- 
phate from fructose 6-phosphate is inhibited nearly 80% by 
0.02 m inorganic phosphate (Table VI). Of the two enzymes 
required for the over-all reaction, transketolase was most sensi- 
tive, being inhibited 61% by 0.02 m phosphate; at this concen- 
tration inhibition of transaldolase was 30 to 50%. A more de- 
tailed study of the effect of phosphate on transaldolase is to be 
found in the accompanying paper (25). 


DISCUSSION 


It is now clear that the formation of heptulose phosphate from 
hexose monophosphate in liver extracts, as described by Bon- 
signore and co-workers (6, 7) is due to the activity of transketol- 
ase and transaldolase in these extracts. The activity of the 
liver preparation can be precisely duplicated by equivalent mix- 
tures of highly purified spinach transketolase and yeast transal- 
dolase. We have shown that the true substrate for this reaction 
is fructose 6-phosphate, rather than glucose 6-phosphate. How- 
ever, it remains to explain how the reaction can proceed in the 
absence of priming quantities of a suitable acceptor, since neither 
enzyme alone shows any activity with fructose 6-phosphate. 
With this substrate the reaction catalyzed by the transketolase- 
transaldolase mixture begins at once with no evidence for a lag 
phase, and is not appreciably faster in the later stages when 
detectable quantities of triose phosphate have accumulated (Fig. 
2 and Table II). 

The possibility that contaminants in the fructose 6-phosphate 
preparation were fulfilling the role of acceptor was excluded by 
the fact that the activity was unchanged following purification 
of the substrate. High concentrations of fructose 6-phosphate 
are required, not to provide an essential component present in 
the commercial fructose 6-phosphate preparation, but because 
of the low affinity of transketolase for this substrate. 

Since both transketolase and transaldolase were essential for 
the utilization of hexose monophosphate it appears likely that 
each enzyme provides acceptor for the other, as indicated in 
Equations 1 and 2. However, in this case the reaction would 
be expected to exhibit a definite lag, since the concentration of 
each enzyme limits the initial concentration of acceptor, and this 
can be shown by calculation to be well below the saturation 
level. Thus, erythrose phosphate formed in quantities stoichio- 
metric with those of transketolase could not exceed 10-* m. The 
K, for this substrate with transaldolase is 1000 times greater. 
The possibility remains that free thiamine pyrophosphate is the 
initial acceptor, although this function of the free coenzyme has 
not yet been demonstrated. 

A coupled action of transketolase and transaldolase, without 
free diffusion of intermediates into the solution, remains to be 
considered. This possibility is supported by the unusual kinet- 
ics observed with mixtures of these enzymes. In terms of com- 

parable units, much more transketolase is required to saturate 
the reaction than transaldolase. The behavior of the two-en- 
zyme resembles that of the tryptophan synthetase system de- 
scribed by Crawford and Yanofsky (26), although direct evi- 
dence for a combination of these enzymes has not been obtained. 
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No sign of aggregation could be obtained by ultracentrifugal 
methods. 

The heptulose ester formed in these experiments was presumed 
to be sedoheptulose 7-phosphate, although it has not been iso- 
lated as such in the present work. This product formed from 
hexose monophosphate with the liver preparation has been 
characterized by Bonsignore et al. (6), who have converted it to 
sedoheptulosan tetrabenzoate. The fact that sedoheptulose 
7-phosphate reverses the reaction until equilibrium is re-estab- 
lished provides presumptive evidence that it is this ester which 
is produced in the forward reaction. The reaction differs from 
that reported by Sie et al. (27) in that it is not stimulated by 
triose phosphate and is most rapid with fructose 6-phosphate. 

With hexose monophosphate as substrate, the reaction stops 
when the ratio of hexose monophosphate to heptulose phosphate 
is about 2.5:1. However, with sedoheptulose 7-phosphate as 
substrate no such equilibrium is reached. The reasons for this 
become apparent when the over-all reaction is considered. With 
hexose monophosphate, triose phosphate accumulates (Equa- 
tions 1 + 2 + 5); with sedoheptulose 7-phosphate, it is con- 
sumed: 


Sedoheptulose 7-phosphate + triose phosphate 


transaldolase (6) 


fructose 6-phosphate + tetrose phosphate 


Sedoheptulose 7-phosphate + tetrose phosphate 


(7) 
wansketolnee, fructose 6-phosphate + pentose phosphate 


transketolase 
a! 


Pentose phosphate 0.5 sedoheptulose (8) 


7-phosphate + 0.5 triose phosphate 





Sum: 1.5 Sedoheptulose 7-phosphate + 0.5 triose phosphate — 
2 fructose 6-phosphate 


The reaction cannot be self-sustaining in the direction from 
heptulose to hexose, but can continue only so long as triose 
phosphate is provided. 

The formation of heptulose phosphate from fructose 6-phos- 
phate represents the first step in the synthesis of pentose phos- 
phate by the nonoxidative pathway. It is significant that this 
occurs without a requirement for triose phosphate or tetrose 
phosphate. These reactive compounds do not accumulate in 
actively metabolizing cells and a system dependent upon such 
accumulation would be unlikely to function effectively under all 
conditions. The fact that the nonoxidative pathway is quanti- 
tatively the important mechanism for pentose synthesis becomes 
the more understandable in view of the great efficiency of trans- 
ketolase and transaldolase in this process. 


SUMMARY 


The formation of heptulose phosphate from hexose monophos- 
phate which is catalyzed by liver extracts can be attributed to 
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the transketolase and transaldolase content of these extracts. 
The true substrate is fructose 6-phosphate. No requirement 
for triose phosphate can be detected. Other possible acceptors 
for transketolase and transaldolase have been excluded. 

The reaction proceeds at maximal rates with very low levels 
of transaldolase, although both enzymes are required. A mecha- 
nism based on the coupled action of transketolase and transal- 
dolase on two molecules of fructose 6-phosphate is discussed. 
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In previous studies' with a dialyzed supernatant fraction from 
rat liver it was observed that the formation of heptulose phos- 
phate from fructose 6-phosphate was significantly inhibited by 
inorganic phosphate. It has since been shown (1, 2) that the 
activity of the dialyzed liver fraction can be related to its content 
of transketolase and transaldolase and it became of interest to 
determine whether the inhibition of the over-all process by phos- 
phate was due to its effect on one or both of the enzymes involved 
in this process. 

Preliminary experiments indicated that both transketolase and 
transaldolase were inhibited by inorganic phosphate when the 
enzymes were tested in the usual assay procedures. The effect 
of phosphate on transaldolase is reported in the present paper. 


EXPERIMENTAL PROCEDURE 


Materials and Methods 


Transaldolase and 6-phosphogluconic dehydrogenase were 
purified from yeast as described elsewhere (2, 3). The phos- 
phogluconic dehydrogenase preparation is a concentrated, active 
source of glucose 6-phosphate dehydrogenase. Glycerophos- 
phate dehydrogenase containing triosephosphate isomerase was 
prepared according to Racker (4). The ammonium sulfate frac- 
tion was stored as a paste and dissolved as needed (400 mg of wet 
paste per ml of water). This fraction also contained a very 
active hexosephosphate isomerase. Other enzymes were com- 
mercial crystalline preparations. Sedoheptulose 7-phosphate 
was prepared as previously described (5) by one of us; the other 
substrates were commercial preparations. Fructose 1 ,6-diphos- 
phate was purified (6) to remove contaminating glucose 6-phos- 
phate and fructose 6-phosphate. 


RESULTS 


The following reactions (6, 7) catalyzed by transaldolase were 
studied : 
Fructose 6-phogphate + p-glyceraldehyde = 
p-glyceraldehyde 3-phosphate + p-fructose 
Sedoheptulose 7-phosphate + v-glyceraldehyde 3-phosphate 
= p-fructose 6-phosphate + p-erythrose 4-phosphate 


(1) 


(2) 


In these reactions, fructose 6-phosphate and sedoheptulose 7- 


* A preliminary account of this work was presented at the V** 
Jornadas Bioquimicas Latinas, Barcelona, 1959. Supported by 
grants from the National Science Foundation and the National 
Institutes of Health. 

1 A. Bonsignore, S. Pontremoli, and E. Grazi, unpublished ob- 
servations. 


phosphate act as dihydroxyacetone donors and p-glyceraldehyde 
and p-glyceraldehyde 3-phosphate as acceptors. 

Reaction 1 was followed spectrophotometrically at 340 my 
with triose phosphate formation measured by DPNH oxidation. 
The assay system (1.0 ml) contained 0.08 umole of DPNH, 0.013 
or 0.004 mg of transaldolase (specific activity, 32 units per mg), 
0.01 ml of glycerophosphate dehydrogenase containing triose- 
phosphate isomerase, 2 umoles of ethylenediaminetetraacetate, 
and 40 umoles of triethanolamine buffer, pH 7.6. The tempera- 
ture was 20°. Transaldolase was added to start the reaction 
and readings were taken at 1-minute intervals. Phosphate, 
p-glyceraldehyde, and fructose 6-phosphate were added in the 
concentrations indicated. 

The inhibition of transaldolase by phosphate is competitive 
with fructose 6-phosphate (Fig. 1). K, for fructose 6-phosphate 
was calculated to be 2 X 10-‘m. K;, for inorganic phosphate 
was found to be 5 X 10°? m. On the other hand, inhibition by 
phosphate is noncompetitive with glyceraldehyde (Fig. 2). 
Under the conditions of the experiment the extent of inhibition 
did not vary significantly over a 5-fold range of glyceraldehyde 
concentration. K, for glyceraldehyde is about 7 x 10-3 m; this 
is sufficiently smaller than the K; for inorganic phosphate so 
that competitive inhibition could have been detected. 

Reaction 2 was followed spectrophotometrically at 340 mp 
with hexose monophosphate formation measured by TPN reduc- 
tion. The assay system (1.0 ml) contained: 0.07 umole of TPN, 
0.30 mg of phosphoglucose isomerase, 0.45 mg of 6-phospho- 
gluconic dehydrogenase as the source of glucose 6-phosphate 
dehydrogenase, 0.005 ml of crystalline aldolase, 0.013 mg of 
transaldolase (specific activity 32 units per mg), 2 wmoles of 
ethylenediaminetetraacetate, and 40 umoles of triethanolamine 
buffer, pH 7.6. The temperature was 20°. Transaldolase was 
added to start the reaction and readings were taken at 1-minute 
intervals. The other components were added as indicated. 

Inhibition of transaldolase by phosphate was found to be non- 
competitive with respect to either sedoheptulose 7-phosphate 
(Fig. 3) or glyceraldehyde 3-phosphate (Fig. 4). In the six 
experiments shown, K; for inorganic phosphate was calculated 
to lie between 5.1 and 7.4 X 10-? m, with a mean value of 6.6 X 
10-?, which compares favorably with the value of 5.0 x 107? M 
derived from the result in Fig. 1. Thus, whether inhibition be 
competitive or noncompetitive, inorganic phosphate is bound 
with the same affinity, indicating that we are dealing with a 
single binding site for this substance. 

The reaction catalyzed by transaldolase can be considered to 
occur in two steps: 
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Donor + transaldolase = 
(a) 


transaldolase-dihydroxyacetone complex 


Transaldolase-dihydroxyacetone complex + acceptor = 


b 
transaldolase + product @) 


Since neither of the acceptors tested, glyceraldehyde or glyceral- 
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Fic. 1. Phosphate inhibition of Reaction 1 as a function of the 
concentration of fructose 6-phosphate. The reaction conditions 
are given in the text. In addition, the reaction mixtures con- 
tained 60 umoles of phosphate, 3.0 umoles of p-glyceraldehyde, and 
0.03, 0.06, 0.12, 0.24, or 0.48 umole of fructose 6-phosphate. The 
results are plotted according to Lineweaver and Burk (8). Open 
circles, without phosphate; closed circles, with phosphate. V is 
the density change per minute at 340 mu. 
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Fic. 2. Phosphate inhibition of Reaction 1 as a function of the 
concentration of p-glyceraldehyde. The reaction conditions were 
as described in the text, with 60 umoles of phosphate buffer, pH 
7.6, and 0.9 umole of fructose 6-phosphate. pv-Glyceraldehyde 
was employed at concentrations indicated. Open circles, without 
phosphate; closed circles, with phosphate. 
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Fic. 3. Phosphate inhibition of Reaction 2 as a function of the 
concentration of sedoheptulose 7-phosphate. The reaction con- 
ditions were as described in the text, with 0.25 umole of fructose 
diphosphate, and phosphate and sedoheptulose 7-phosphate as 
indicated in the figure. The lowest curve was obtained in the 
absence of inorganic phosphate. 
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Fic. 4. Phosphate inhibition of Reaction 2 as a function of the 
concentration of fructose diphosphate. The reaction conditions 
were as described in the text, with 1.7 X 10-* umoles of sedohepto- 
lose 7-phosphate and fructose diphosphate as indicated. The 
lowest curve was obtained in the absence of inorganic phosphate. 


dehyde 3-phosphate, competes with inorganic phosphate, it can 
be concluded that the second step, transfer of the bound dihy- 
droxyacetone fragment to the acceptor, is not affected by inor- 
ganic phosphate. Phosphate must therefore inhibit formation 
of the transaldolase-dihydroxyacetone complex. The inorganic 
phosphate so bound can be displaced by fructose 6-phosphate, 
but not by sedoheptulose 7-phosphate. It is unlikely, in view 
of this result, that the binding site for fructose 6-phosphate is 
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identical with that involved in the binding of sedoheptulose 
7-phosphate. 

A solution of this problem is essential to an understanding of 
the mechanism of action of transaldolase. Further evidence will 
be sought by direct measurement of substrate and inhibitor 
binding with stoichiometric quantities of enzyme. 


SUMMARY 


Orthophosphate inhibits the following reactions catalyzed by 
transaldolase: 


p-Fructose 6-phosphate + p-glyceraldehyde = 


1 
p-glyceraldehyde 3-phosphate + p-fructose a) 


Sedoheptulose 7-phosphate + p-glyceraldehyde 3-phosphate 


2 
= p-fructose 6-phosphate + p-erythrose 4-phosphate @) 


The inhibition of transaldolase by inorganic phosphate appears 
to be competitive with fructose 6-phosphate and noncompetitive 
with sedoheptulose 7-phosphate, glyceraldehyde, or glyceralde- 
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hyde 3-phosphate. XK, for inorganic phosphate is approximately 
5.0 X 10-7 M, as measured in either the competitive or noncom- 
petitive test system. This suggests a single binding site for 
inorganic phosphate. The bearing of these observations on the 
reaction mechanism is discussed. 
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It has been shown (1) that all but one of 22 strains of cultured 
mammalian cells required meso-inositol for survival and growth. 
One strain, the L-929 mouse fibroblast, was however able to grow 
indefinitely in the same inositol-free minimal medium in which 
the others died. As will be here shown, this strain synthesizes 
inositol from p-glucose, and minute amounts are released into 
the medium. Because of this, strain L can act as a ‘“‘feeder” 
culture which permits the sustained parabiotic growth of inositol- 
dependent strains. Paradoxically, the latter also synthesize 
significant amounts of inositol. 


METHODS 


Labeled Inositol—Randomly H®-labeled inositol was prepared 
by the method of Wilzbach (2, 3). 

Growth of Cultures—The cell strains used were two human 
cultures requiring inositol (KB and HeLa) and the inositol- 
independent L-929 mouse fibroblast (1). Both monolayer and 
suspension cultures were used. All experiments were carried 
out in the minimal growth medium previously described (1, 4), 
containing the 28 demonstrably essential defined growth factors, 
supplemented with serum protein. The latter was supplied as 
dialyzed horse serum. In the experiments with monolayer 
cultures, the concentrations of amino acid were intermediate 
between those optimal for strain L and for human cells, so as to 
permit the use of the same growth medium throughout. The 
medium used for suspension culture differed from this only in 
detail (4). 

The experiments on the parabiotic growth of the inositol- 
dependent and -independent strains were carried out in a slight 
modification of the apparatus used by Nurmikko (5) for bacterial 
cultures and by McLimans (6) for mammalian cell cultures. The 
apparatus consisted of two cylindrical culture vessels, each with 
a horizontal side tubulation terminating in a ground glass flange. 
The two sterile vessels were joined at these flanges, between which 
was inserted a cellophane membrane made from 24/32 Visking 
clear cellophane tubing, previously sterilized by autoclaving. 
The joint was made watertight by spreading sterile silicone grease 
on each ground glass flange, to seal the interposed cellophane 
membrane. The cell culture in each cylinder was kept dispersed 
by a magnetic bar suspended on a free spinning swivel. 


* Laboratory of Cell Biology, National Institute of Allergy and 
Infectious Diseases. 

+ Laboratory of Neurochemistry, National Institute of Neuro- 
logical Diseases and Blindness. 


Methods of measuring cell growth, of harvesting and frac- 
tionating the cells, and measuring radioactivity, have been 
previously described (1, 7). 

Microbiological Assay—Kloeckera brevis strain 55-45 was used 
as the assay organism with the basal medium and procedure 
originally recommended by Atkin et al. (8) for assay of panto- 
thenic acid. This medium was modified by omission of inositol 
and addition of nicotinic acid, calcium pantothenate, and choline 
(0.05, 0.05, and 0.5 mg, respectively, per 100 ml of the double 
strength basal medium). The assay range for inositol was from 
0 to 5 ug per 10 ml of final medium. Incubation was at 30° for 
19 to 24 hours with shaking. In comparative trials, this test 
organism gave the same assay results as the more commonly 
used Saccharomyces carlsbergensis (9), and like other yeasts so 
far studied, was unable to utilize inositol phosphates for growth 
(9). 

Isolation and Estimation of Cellular Inositol—The cellular 
material, whether trichloroacetic acid extracts, alcohol-ether 
extracts, or residual protein, was hydrolyzed in 6 n HCl for 18 
hours at 121°. The hydrolysate was taken to dryness in a 
vacuum, a few milliliters of methanol were added, and the mix- 
ture was again brought to dryness in order to remove traces of 
residual HCl. The residue was taken up in 5 ml of water and 
passed through a double column, 13 mm in diameter, consisting 
of a layer of Amberlite IR-120 (H+) over IRA-400 (OH), each 
layer being 45 mm in height. The column was rinsed with an 
additional 10 ml of water, and the entire eluate was taken to 
dryness with a stream of N: in a 40-ml Pyrex tube in an oil bath 
at 100°. When the sample was almost dry the oil bath was 
brought to 180° and the Ne stream maintained. The purpose 
of this step was to decompose uncharged substances other than 
inositol which might react with periodate, mainly glycerol. 
After 2 hours at 180° the sample was cooled to room tempera- 
ture, redissolved in 5 ml of water, and passed through the same 
double column. The inositol content of the eluate was deter- 
mined by the spectrophotometric periodate method (3, 10). All 
of the radioactivity in this eluate was due to inositol, as shown 
by the fact that after admixture with unlabeled inositol the 
specific activity was not changed by double recrystallization. 


RESULTS 


Utilization of H*-Inositol by an Inositol-dependent Cell (KB), 
and Minor Biosynthesis of Inositol from Glucose—When the KB 
strain was grown in a medium containing randomly H*-labeled 
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inositol at 10-5 m, 28% of the total tritium in the medium was 
incorporated into the cell (Table I). As shown in Table II, all 
of the cell fractions examined contained radioactivity, and 
hydrolysates of these fractions all contained inositol, or com- 
pounds reacting as inositol in a microbiological assay. Inositol 
could be isolated in measurable amounts from three of the frac- 
tions, and the specific activity of that isolated inositol varied 
from 0.7 to 0.81, referred to that added to the medium as 1. 
Corrected for the unlabeled inositol in the original inoculum the 
specific activity of the newly synthesized material varied from 
0.74 to 0.85. This result suggested a minor but significant bio- 


TaBLe [ 
Utilization of inositol-H* by growing KB cells: balance data 























Inositol-H? 
Free inositol* 
(umoles/ml) 
umoles/ml Total 
Original medium.......... 0.01 0.0103 27.2 
Medium after growth.....| 0.0067 0.0074 17.3 25.1 
Recovered in cell......... 7.82 
* Microbiological assay. 
TaBLeE II 


Utilization of inositol-H* by growing KB cells: specific activity of 
inositol in cell fractions* 











Total “‘inositol,’’ based on: 
Specific activity 
Cell fraction . ‘ : of isolate 
md H? content inositolt 
pmoles 
Cold 8% _ trichloroacetic 
OS eae 1.9 1.78 0.85 
Hot 8% trichloroacetic acid 
OeeEeeL. 005. HU, ce 2.8 2.39 0.74 
Alcohol-ether extract...... 2.06 3.4 0.81 
MOR} ic 2.0 dealebics neces de 0.334 0.245 











* After hydrolysis in 6 Nn HCl for 18 hours at 121°. 

t Referred to precursor H*-inositol as 1. The values given in 
the table have already been corrected for the inositol introduced 
in the inoculum. In this experiment there was a 20-fold increase 
in cells, giving a correction factor of 20/19 = 1.05. 


TaBLeE III 
Biosynthesis of inositol from C'4-glucose by HeLa cells 
(inositol-dependent) and by a mouse fibroblast 
(inositol-independent) 























je any ‘ bea 7m re 
. activity* inosit 
Concentra: | | Cell protein N sctrtytof| assay of incite 
inositol in | in medium oe mM 
medium _ ?. | Geen 
Initial | Final tract Initial Final 
mM c.p.m./pmole mg mM mM 
HeLa 0.006 24,000 | 1.7 | 60.4 0.28 |0.006/0.0064 
Strain L} 0 8,860 | 2.3 | 21.9 0.91 (0 0.00085t 
0 16,250 | 1.03 | 16 0.91 
0.006 16,250 | 1.13 | 15 0.59 








* Referred to precursor as 1, and corrected for growth. 
¢t Total, 0.00085; dialyzable, 0.00056; trichloroacetic acid- 
soluble, 0.0006 
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GROWTH IN AN INOSITOL-FREE MEDIUM 
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TIME IN DAYS 


Fic. 1. The sustained parabiotic growth in an inositol-free 
medium of an inositol-dependent (KB) and inositol-independent 
(L) cell. 


synthesis of inositol from the glucose of the medium, amounting 
to approximately 15 to 25% of the newly synthesized material. 
This was borne out by the following experiments with C"*-glucose, 

Biosynthesis of Inositol from C'*-Glucose by an Inositol-dependent 
Cell (HeLa)—The inositol-dependent HeLa strain was grown in 
a medium containing 5 mm randomly C-labeled glucose, further 
supplemented with 6 x 10-° m unlabeled inositol in order to 
assure the growth of this inositol-dependent strain. The relative 
specific activity of the inositol isolated from the cell was 0.28 
(Table III), indicating significant synthesis from C'-glucose 
even in the presence of added inositol.t_ The proportion of the 
cellular inositol deriving from glucose was consistent with the 
degree to which preformed H®-labeled inositol had been diluted 
by newly synthesized inositol in the experiment of the preceding 
section, with a different cell line. 

Biosynthesis of Inositol by an Inositol-independent Cell (Strain 
L-929)—When the inositol-independent mouse fibroblast (L-929) 
was grown in a medium containing labeled C'*-glucose, without 
added inositol, the specific activity of the newly-synthesized 
cellular inositol was 0.91, referred to that of the precursor glucose 
as 1 (Table III), indicating that essentially all the inositol was 
derived from glucose. In a parallel experiment, when inositol 
was present in the medium at a concentration of 6 x 10-° M, 
the specific activity of the newly synthesized inositol was still 
0.59. This is to be contrasted with the specific activity of 0.28 
observed in HeLa cells grown under the same conditions, and 
suggests that the inositol-independent L cell has a greater 
capacity for the biosynthesis of inositol. 

Parabiotic Growth of Inositol-dependent and Inositol-independ- 
ent Cell Strains—As indicated in Table III, when strain L cells 
were grown in a medium which initially contained no inositol, 
the supernatant culture fluid contained small but significant 
amounts of material which reacted as inositol in a microbiological 
assay. Since the concentration attained in the medium (0.56 


1 The possibility that this degree of C'* incorporation reflects 
an exchange reaction involving individual carbon atoms, rather 
than synthesis de novo, appears unlikely in view of the similar re- 
sults obtained with H*- and C*-labeling. 
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to 0.85 X 10-* m) would permit the significant growth of most 
of the strains which require added inositol (1), it seemed possible 
that strain L might act as a “feeder” culture in a parabiosis ex- 
periment with inositol-dependent strains. This proved to be 
the case. 

When a culture of L cells was grown in an inositol-free medium, 
separated from a KB or HeLa culture by a semipermeable cello- 
phane membrane which permitted the diffusion of small molecu- 
lar weight compounds, both strain L and the inositol-dependent 
HeLa or KB cells grew, the latter at a rate only slightly less than 
that observed in a complete medium containing added inositol. 
In the experiment of Fig. 1, KB cells growing parabiotically with 
strain L increased 273-fold over a period of 16 days, whereas a 
control KB culture in an inositol-free medium stopped growing 
after 7 days, after only an 8.6-fold increase. In a similar experi- 
ment with HeLa cells, the coupled HeLa culture increased 36-fold 
in 11 days. 


DISCUSSION 


All three cell lines here studied synthesized inositol from C'*- 
glucose. The mouse fibroblast, which was able to grow in the 
absence of added inositol, was then synthesizing essentially all 
of its inositol from glucose. The provision of 6 X 10-° m inositol 
repressed that synthesis by only 35%, the specific activity of 
the newly synthesized cellular inositol dropping from 0.91, in 
the absence of inositol, to 0.59 in its presence. In contrast, 
when the inositol-dependent KB and HeLa cells were grown in 
a medium containing the necessary 6 X 10-° m inositol, they 
synthesized only 15 to 30% of their inositol from glucose, meas- 
ured either by the incorporation of glucose-C™ or by the dilution 
of added inositol-H*. This quantitative difference between 
strain L and the other cell lines in the capacity to synthesize 
inositol may be related to the fact that the KB and HeLa cells 
require added inositol, whereas strain L is inositol-independent. 

It is to be noted that although the KB and HeLa cells could 
synthesize approximately one-fourth of the total inositol needed 
for optimal growth, even in the presence of preformed inositol, 
they nevertheless died promptly on its omission from the me- 
dium. An analogous situation exists with respect to pyruvate 
and cystine. Although there is significant biosynthesis of cys- 
t(e)ine from methionine and serine in mammalian cell cultures,” 
added cyst(e)ine is nevertheless essential for survival and growth 
in appropriately purified media (11). Similarly, although there 
is active glycolysis in cultures of mouse leukemia P388 and of 
mouse embryonic cells, supplemental pyruvate is nevertheless 
essential for their survival and growth (4, 12). This rigorous 
requirement for inositol, cystine, or pyruvate by cells able to 
synthesize them in amounts which should suffice for cellular 
growth is as yet unexplained. In an analogous situation, al- 
though monkey kidney cells required added glycine for optimal 
growth (13) because of a partial block in its biosynthesis from 
serine (4), in that case the omission of glycine was usually not 
lethal but resulted only in a decreased rate of growth. 


2H. Eagle, V. O. Oyama, and K. A. Piez, unpublished observa- 
tions. 
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The parabiotic growth of inositol-dependent and inositol-pro- 
ducing cells as here described may serve as a simple model for 
the more complex and more subtle metabolic interdependence of 
different cells and tissues in vivo. 


SUMMARY 


1. When inositol-dependent KB cells were grown in a medium 
containing H*-inositol, the specific activity of the newly synthe- 
sized cellular inositol was 0.74 to 0.85 that of the precursor, sug- 
gesting a minor but significant biosynthesis of inositol in the 
presence of the essential metabolite. 

2. When inositol-dependent HeLa cells were grown in a me- 
dium containing uniformly labeled C™-glucose and unlabeled 
6 x 10° M inositol, the specific activity of the newly synthe- 
sized inositol was 0.28 that of the glucose, indicative of this de- 
gree of biosynthesis from glucose in the presence of free inositol. 

3. When inositol-independent mouse fibroblasts (strain L-929) 
were similarly grown in a medium containing both Cglucose 
and 6 x 10~* m inositol, the specific activity of the newly synthe- 
sized inositol was 0.59. This suggests that this cell line has a 
greater biosynthetic capacity for inositol, repressed to only a 
minor degree by the provision of the preformed material. 

4. When mouse fibroblasts were grown in an inositol-free me- 
dium, the culture fluid contained approximately 10-* m inositol, 
or compounds reacting like inositol in a microbiological assay, 
formed by the cell and released into the medium. In conse- 
quence, such cultures permitted the parabiotic growth of inositol- 
dependent KB or HeLa cultures, separated from the “feeder” 
culture by a cellophane membrane. 


Acknowledgment. The courtesy of Dr. William F. McLimans 


-in sending a prototype model of his apparatus for coupled 
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is gratefully acknowledged. 
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Studies with intact animals have clearly demonstrated that 
growth hormone preparations exert pronounced effects on fat 
metabolism. Thus rats given free access to food and treated 
with growth hormone accumulate more protein but less fat than 
uninjected control rats (1). Indeed, if the food intake of the 
treated rats is restricted to that of the controls, repeated growth 
hormone injections induce nitrogen storage at the expense of a 
decrease in the body fat and when body fat stores have been 
sufficiently diminished no further weight gain accrues (2). In 
addition such treated rats, pair-fed with controls, show a de- 
creased R.Q. which persists only until the body fat reserves are 
exhausted. Growth hormone treatment of rats also induces 
transient increases in liver and blood total lipids (3, 4), as well 
as increases in blood free fatty acids (5) and ketone bodies (6). 
Growth hormone has therefore been regarded as a potent stimu- 
lator of fat catabolism. 

There is, furthermore, abundant evidence in the literature to 
suggest that there is an interplay in the action of growth hormone 
and insulin in the intact animal. For example, the marked 
anabolic effect of growth hormone injections on protein observed 
in normal animals is much reduced in the absence of insulin (7). 
Similarly, insulin induces only small increases in protein content 
unless growth hormone is present (8), although it can exert a 
nitrogen-sparing action in the absence of growth hormone (9). 
Insulin and growth hormone also appear to have antagonistic 
actions as is evidenced by the diabetogenic actions of growth 
hormone (10) and its ability to decrease the extreme insulin 
sensitivity of hypophysectomized animals (11). Situations can 
also be cited where no interplay of the hormones has been demon- 
strable even though each hormone may influence a certain 
metabolic process. 

In view of the marked effect that insulin is able to exert upon 
the metabolism of adipose tissue in vitro (12, 13) and the effects 
of growth hormone on fat metabolism referred to above, itseemed 
of interest to study the possible interplay of a growth hormone 
preparation and insulin upon the metabolism of adipose tissue. 
We present here the results of such a study in which the total 
gas exchange, oxygen and glucose consumption, and lactic acid 


* This work was supported in part by funds received from the 
Eugene Higgins Trust through Harvard University and the Life 
Insurance Medical Research Fund. A preliminary report cover- 
ing the major part of this paper was presented at the meeting of 
the American Chemical Society in Boston, April 1959. 

t These experiments were performed during the tenure of a 
Predoctoral Fellowship of the National Science Foundation. 


production of the rat epididymal fat body have been followed in 
the presence of these two hormones singly and combined.! 


EXPERIMENTAL PROCEDURE 


Holtzman male rats were maintained on a Purina chow diet 
ad libitum until they weighed 140 to 285 g. The animals were 
then killed by decapitation and portions of the epididymal fat 
bodies immediately excised, weighed, and placed in Warburg 
flasks, as previously described (12). From 75 to 180 mg of 
adipose tissue were placed into each flask. The flasks had a total 
volume of approximately 15 ml and contained a total of 3.0 ml 
of liquid. Net gas exchange measurements were made in a 
Krebs-Ringer-bicarbonate medium (14), pH 7.4, gas phase 5% 
CO.-95% air. Measurements of O2 consumption were made in 
air with a Krebs-Ringer-phosphate buffer, pH 7.4, with a folded 
piece of filter paper (1 X 2 cm) placed along with 0.20 ml of 20% 
KOH in the flask center well. When glucose was present its 
final concentration in the medium was 3.0 mg per ml. 

The purified bovine growth hormone preparation (GHP)? used 
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was a gift of the Endocrinology Study Section, National In- | 


stitutes of Health designated as (NIH-BGH-1). Stock solutions 
were employed which contained 2 mg of GHP per ml of water. 
Some difficulty was experienced in obtaining complete solution 
of the preparation at this concentration level. For this reason 
the solutions were shaken at 37° for several hours after their 
preparation, and not used for experiments until the following 
day. These somewhat alkaline stock solutions were stored at 
5° and were prepared fresh at least every 2 weeks. No decline 
in activity of the preparation could be detected during the 2-week 
period. The incubation media containing GHP were prepared 
by mixing the stock solution in an appropriate manner with 
doubly concentrated solutions of the salts other than phosphate 
or bicarbonate which are components of the buffer systems. 
Phosphate or bicarbonate was then added last in order to avoid 
precipitation of the calcium. In a few experiments in which the 
tissue’s response to graded amounts of GHP was observed, the 
hormone was added from the side arm of the vessel. In these 
cases a stock solution containing 5 mg of GHP per ml of water 


was prepared and diluted appropriately with buffer in the manner | 


described. 


1 The previous paper (IV) in this series has appeared (13a). 

2 The authors prefer to use the expression GHP for the hormone 
preparation employed in view of the possibility that the principle 
responsible for the observed effects may not be identical with 
growth hormone. 
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The insulin used was kindly supplied by Eli Lilly and Company 
and was a crystalline zinc insulin preparation, Lot No. 466368, 
which assayed 25 units per mg. A stock solution prepared as 
previously described (12) was diluted with buffer to 3 units per 
ml and either added initially to the flask main chamber or dumped 
from the side arm to give the desired final concentration. 

The naphthoquinone SN 5949* was dissolved in ethanol and a 
suitable aliquot evaporated to dryness, dissolved in a drop of 
0.1 nN NaOH, and diluted to volume with water. An appropriate 
amount of this solution was added to a Warburg flask to give 


the desired final concentration. 








In those experiments in which the effect of HCN on respira- 
tion was studied, no KOH was placed in the flask center wells. 
Instead, 0.20 ml of a solution of Ca(CN): in 10% Ca(OH), 
prepared according to Robbie (15), was added. The concentra- 
tion of Ca(CN)2 was such as to bring the concentration of HCN 
in the main chamber to 0.005 m. Wicks formed from two filter 
paper strips were used in the center well of each flask. 

Glucose was measured by the method of Somogyi (16) and 
lactate according to Barker and Summerson (17). 

Glass-redistilled water was used for all solutions comprising 
the incubation media. 


RESULTS 


The effect of GHP on the net gas exchange of the epididymal 
fat body was first explored by the technique described earlier 
for insulin (12). Unlike insulin GHP did not alter the behavior 
of adipose tissue as measured by this technique. A negative 
pressure response of about the same magnitude was observed 
for both the control tissue and a paired tissue incubated with 
GHP, 1 mg or less per ml. Thus no alteration in the R.Q. of 
the tissue nor any indication of acid production was apparent 
by this method. In addition, the response of this tissue to 
insulin at concentrations of 50, 100, or 100,000 micro units per 
ml was the same within the limits of measurement of the method 
whether GHP, 1 mg or less per ml, was present or not. The 
results were the same whether GHP was added before or after 
insulin. Thus neither an effect of GHP nor an interplay be- 
tween GHP and insulin could be demonstrated by measurement 
of the total gas exchange. 

In contrast GHP had a marked stimulating effect on the oxygen 
consumption of the epididymal fat body when measured in a 
Krebs-Ringer phosphate medium, and this effect was further 
enhanced by the addition of insulin. The pattern of the re- 
sponses obtained is illustrated by the experiment in Fig.1. Here 
paired pieces of tissue (distal) were employed, one piece being 
incubated with 1 mg of GHP per ml of medium and the other 
without. The tissue incubated without added hormone con- 
sumed oxygen at a linear rate of about 30 ul of O2 per 100 mg 
wet weight per hour throughout the experiment. The addition 
of insulin at 70 minutes to yield a concentration of 0.1 unit per 
ml had no effect upon this rate. The tissue incubated with GHP 


| attained a linear rate of oxygen consumption after the first 10 
e manner | 


minutes which was about 60% greater than the rate of the 
control tissue. In this case the addition of insulin after 70 
minutes resulted in a prompt further increment in the rate to a 
value of about 85 yl per 100 mg per hour, a rate 180% greater 
than that of the control tissue. 


* 2-Hydroxy-3(2-methyl)octyl-1,4-naphthoquinone. 
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Fic. 1. The effect of GHP on the oxygen consumption in the 
presence and absence of insulin. Both flasks contained 2.7 ml of 
Krebs-Ringer-phosphate medium with a glucose concentration of 
3.0 mg per ml. GHP, 1 mg per ml, was present in one flask. At 
70 minutes, 0.1 ml of insulin in buffer solution was dumped from 
the side arm of each flask to yield a final concentration of 0.1 unit 
per ml. Distal tissues from a 180-g rat were employed, the left 
piece, which weighed 179 mg, was placed in the flask without GHP 
whereas the right piece, which weighed 134 mg, was placed in the 
flask containing GHP. 


In Table I the results of 18 experiments run in the same manner 
as the one shown in Fig. 1 are given. It should be pointed out 
that in this type of experiment no control values were obtained 
on the piece of tissue which was incubated with the GHP. This 
was due to the fact that we were unable to dissolve GHP in 
sufficiently high concentration to allow us to add enough hor- 
mone from the side arm to yield a final concentration of 1 mg 
per ml in the main chamber. Thus the oxygen consumption of 
the paired piece of tissue had to be used as a basis from which to 
calculate the stimulation produced by the action of hormones 
on the other piece. This procedure is valid only if no great 
difference is to be observed in the rate of oxygen consumption 
of different pieces of tissue from the same rat. Experiments 
have shown that on the average the distal pieces consumed 10% 
more oxygen than the proximal pieces and the oxygen consump- 
tion of the right fat body exceeded that of the left by about 10%. 
This factor has been minimized in gathering the data presented 
in Table I by varying the piece of tissue used as the ‘control. 
Thus in this table the control rate is in some cases for a distal 
piece (right or left) or a proximal piece (right or left). Further- 
more, when smaller concentrations of GHP have been employed, 
then it has been possible to add the hormone from the side arm 
of the flask after a control rate had been determined. In such 
experiments the addition of hormone has always produced a 
prompt stimulation of oxygen consumption. 

The data presented in Table I show that the percentage stimu- 
lation obtained with GHP alone has ranged from 26 to 164% 
with an average value of 65%. When insulin was present in 
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TaBie I 
Effect of GHP and insulin on oxygen consumption 


Each experiment was performed in a manner similar to that 
shown in Fig. 1, with a glucose concentration of 3.0 mg per ml. 


























Tissue No. 1, Control  S = 
Rat weight After After 
Initial rate ["O41"| Initial | insulin 
a unit/ml 
g pl/100 mg wet wt/hr % a rate of 
140 38.0 20 54 143 
180 30.3 1 60 180 
205 28.8 0 35 147 
205 17.3 5 164 357 
205 16.0 17 100 249 
210 16.4 —10 95 215 
210 16.5 0 78 163 
215 18.2 -—7 59 192 
215 13.8 0 64 184 
220 22.0 35 36 88 
225 25.2 —13 76 160 
230 18.3 4 43 103 
240 23.5 30 28 72 
240 17.5 —3 26 106 
255 16.0 -—3 38 75 
275 9.5 63 125 197 
275 9.6 —22 60 144 
285 10.5 —12 37 113 
Average (18) 19.3 6 65 160 
Coefficient of correla- —0.716 —0.107 | —0.305 
tion with rat weight 
p value <0.001 >0.10 | >0.10 
TABLE II 


Effect of respiratory inhibitors on oxygen consumption 
Figures represent percentage inhibition of tissue as compared 
to respective control. All experiments were run in Krebs- 
Ringer-phosphate media with glucose concentration 3.0 mg per 
ml. Numbers in parentheses indicate number of experiments. 
See text for further details. 




















Hormones present 
Inhibitor 
GHP, I in, 0. 
None maar a [a 
Yo inhibition 
0.005 m HCN (3) 77 90 86 89 
SN 5949, 10 ug/ml (2) 0 2 0 2 
SN 5949, 100 ug/ml (2) 66 62 63 74 








addition a further increase in rate always resulted and the per- 
centage stimulation over the control rate then ranged from 72 
to 357% with a mean value of 160%. The addition of insulin 
alone produced on the average no significant effect. The data 
also indicate that there was a wide variation in the control rate 
of tissue from different rats, the values ranging from 9.5 to 38 
ul per 100 mg per hour with a mean value of 19.3. The highest 
values were seen with the youngest animals whereas the lowest 
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values were obtained with the oldest rats. Calculations given 
in Table I show that there was a highly significant correlation 
between the rate of oxygen consumption of adipose tissue and 
the age of the rat. The age of the rat appeared, however, to be 
without significant effect upon the response of the tissue to 
GHP, either with or without insulin, if the response is expressed 
as the percentage change from the rate of the control tissue. 

In order to see if the hormone-stimulated increase in oxygen 
consumption was being mediated by the classical electron trans- 
mitter system the effects of HCN and the naphthoquinone 





SN 5949 on adipose tissue respiration were studied. These re. | 


sults are shown in Table II. In each of these experiments four 
pieces of tissue from a single rat were employed. Either the two 
distal or the two proximal pieces were placed in media containing 
the inhibitor being studied while the other pair served as con- 
trols. GHP, 1 mg per ml, was added to only one flask of each 
pair. After observing the rates of oxygen consumption for 90 
minutes, insulin was tipped from the side arm of all four vessels 
and the rate redetermined. The data summarized in Table II 
show that regardless of the presence or absence of added hor- 
mones, 0.005 m HCN inhibited the oxygen uptake 77 to 90% as 
compared to the rate of the respective control tissue. This indi- 
cates that the respiration in all cases was predominantly by way 
of a cyanide-sensitive pathway such as the cytochrome electron 
transmitter system. The naphthoquinone SN5949 also inhibited 
respiration about equally in each of the various situations, 
further suggesting that the same electron transmitting pathway 
was operating in all cases. It should be noted that SN5949 
concentrations of 100 ug per ml were required to inhibit adipose 
tissue respiration whereas 1 wg per ml is sufficient to produce a 
95% inhibition of yeast respiration or of succinate oxidase 
preparations from mammalian tissues (18). The diminished 
effectiveness of this inhibitor in the case of adipose tissue may 
reflect either its preferential solubility in the lipid so abundantly 
present in this tissue or its limited ability to penetrate this 
tissue’s cell membranes. 

In all experiments presented thus far glucose was present in 
the incubation media at a concentration of 3.0 mg per ml. The 
effect of omitting glucose from the medium upon the response 
to be obtained is shown in Fig. 2, where the results from four 
experiments are summarized. In these experiments four pieces 
of tissue from the same animal were used with glucose present 
in the media of only one pair of tissues (distal or proximal). 
GHP was present in the medium of one tissue of each pair and 
insulin was dumped into all vessels after 70 minutes. The data 
indicate that the rate of oxygen consumption was less in all cases 
in the absence of glucose. Of most interest is the fact that a 
stimulation of oxygen consumption was still produced by GHP 
even in the absence of glucose, although the response appeared 
to be greater in the presence of glucose. The most striking effect 
caused by glucose is to be seen in the case where both hormones 
were present together. In the absence of glucose in the medium 
insulin no longer potentiated the action of GHP and the rate of 
oxygen consumption under these conditions was nearly the same 
as that observed with GHP alone. These results suggest that 
the ability of insulin to potentiate the effect of GHP is related 
to the ability of insulin to facilitate the rapid uptake of glucose 
by this tissue. However, a rapid uptake of glucose per se could 
not be the sole factor in determining the response since no 
comparable effect was seen with insulin alone. 

These results prompted a study of the changes produced in 
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glucose consumption and lactic acid production by GHP and 
insulin, singly and in combination, while simultaneously observ- 
ing the oxygen consumption. The data are presented in Table 
III. In these experiments four pieces of tissue from a single rat 
were again employed for each experiment. All hormones were, 
however, present in the vessels from the start of the experiment 
and the rate of oxygen consumption was followed for a period of 
3 hours after temperature equilibration of the flasks. At the 
end of this period aliquots of the media in the flasks were re- 
moved and immediately prepared for the analyses of glucose and 
lactate. First, it is clear from the results that on the average 
glucose uptake was stimulated nearly 3-fold by GHP alone, over 
4-fold by insulin alone, and some 8-fold when both hormones 
were present together. Winegrad et al. (19) have shown that 
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Fic. 2. The effect of GHP and insulin on the oxygen consump- 
tion in the presence and absence of glucose. The figure gives the 
mean values of four experiments performed in Krebs-Ringer-phos- 
phate media; glucose concentration, when present, was 3.0 mg per 
ml. The concentration of GHP employed was 1 mg per ml! and 
ofinsulin 0.1 unit/ml. Vertical lines indicate two standard errors. 
Experimental details as described in the text. 
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the same growth hormone preparation as used here stimulates 
the conversion of radioactive glucose to CO: but not to fatty 
acids in the epididymal fat body. These workers report that 
GHP, 1 mg per ml, increases the rate of appearance of radioactive 
CO, from uniformly labeled glucose-C some 24-fold, whereas 
insulin and GHP together cause a 10-fold increase in this same 
rate. These values are thus of the same order of magnitude as 
those observed by us. It should be pointed out, however, that 
our experiments were carried out in a phosphate-buffered medium 
whereas those of Winegrad et al. were performed in a bicarbonate 
medium. The data in Table III show that lactic acid production 
was not increased in the presence of GHP even though more 
glucose was consumed. Insulin alone increased lactic acid pro- 
duction and the formation of this intermediate was further 
increased when both hormones were present together. 

In order to see if an effect on O2 consumption would be evident 
with more nearly physiological levels of GHP, the response of 
the tissue to graded concentrations of GHP was studied. These 
results are shown in Fig. 3. Two types of experiments, both of 
which appeared to give the same results, were averaged together 
to yield the data shown in the figure. In one group of three 
experiments 4 pieces of tissue from each rat were used with each 
tissue serving as its own control. The rate of oxygen consump- 
tion of each tissue was observed for 1 hour after which GHP in 
the desired amount was dumped from the flask side arm. After 
another hour’s incubation the flasks were removed from the 
manometers, insulin was added, the flasks replaced and incubated 
for a third hour. In another group of five experiments 2 pieces 
of tissue from each animal, a distal and a proximal piece, were 
used as controls for the remaining distal and proximal pieces. 
These experiments were performed exactly like the one shown 
in Fig. 1, except that varying amounts of GHP were used. 
Obviously data at only two concentration levels could be ob- 
tained from a single rat in this type of experiment. Appreciable 
stimulation was observed with concentrations as small as 0.1 mg 
per ml, which was the lowest concentration employed in these 
experiments. 

A few experiments have been performed in which a less pure 


TaBLeE III 
Effect of GHP and insulin on oxygen consumption, glucose uptake, and lactic acid production 
Experiments were run in Krebs-Ringer-phosphate buffer with glucose concentration 3.0 mg per ml. Details described in text. 









































Control GHP, 1 mg/ml Insulin 0.1 unit/ml GHP + insulin 
Rat weight 
Oxygen | Glucose | Lactate Oxygen | Glucose | Lactate Oxygen | Glucose | Lactate Oxygen Glucose | Lactate 
pmoles/100 mg wet weight/hr 

185 0.74 0.30 0.13 1.20 0.62 0.11 0.72 1.00 0.36 2.82 2.09 0.50 

205 1.05 0.49 0.17 1.34 1.21 0.17 0.76 0.96 0.28 2.69 2.03 0.62 

215 0.98 0.00 0.31 1.30 0.23 0.21 0.85 0.89 0.52 3.17 1.74 0.56 

230 0.64 0.16 0.11 1.30 0.34 0.15 0.75 0.91 0.23 2.18 1.21 0.38 

260 0.85 0.05 0.14 1.06 0.27 0.12 0.89 0.33 0.34 2.36 0.93 0.47 

Average 0.85 0.20 0.17 1.24 0.53 0.15 0.79 0.82 0.35 2.64 1.60 0.51 

Standard error 0.08 0.04 0.16 0.02 0.11 0.05 0.20 0.04 
P value versus control...................00-. 0.03 >0.4 <0.01 <0.01 <0.01 |<0.001 
WOree TNE HD, oo aes cc ec ccc denebatna ede tine toes vote e ceess SOCORIE sau RUS: AEE HE Le oon <0.01 0.055 
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Fig. 3. The response to graded concentrations of GHP in the 
presence and absence of insulin. The ordinate represents the per- 
centage increase in the rate of oxygen consumption of an experi- 
mental tissue over that of a control tissue or over that of a control 
period with the same tissue. GHP was either present initially or 
tipped from the side arm, as described in the text. The results 
are averages of eight experiments performed in Krebs-Ringer- 
phosphate media with glucose concentration 3.0 mg per ml. Ver- 
tical lines indicate two standard errors. 


sample of growth hormone prepared from sheep pituitaries‘ has 
been employed. This preparation appeared to be 10 to 100 times 
more active in stimulating oxygen consumption than the sample 
of purified bovine growth hormone. For example, an observable 
stimulation has been consistently obtained with the sheep prep- 
aration at a concentration of 0.003 mg per ml, whereas 0.015 mg 
per ml has produced a 70% increase in the rate of oxygen con- 
sumption. Insulin also potentiates the action of this prepara- 
tion on oxygen uptake. These findings, along with the observa- 
tion that whole powdered posterior pituitary® also possessed good 
activity, prompted us to do some preliminary experiments with 
adrenocorticotropic hormone,* a hormone known to be present 
in large amounts in both the anterior and posterior portions of 
the pituitary (20). These experiments have shown that small 
amounts of adrenocorticotropic hormone are capable of stim- 
ulating oxygen consumption. However, the responses obtained 
with adrenocorticotropic hormone have not been as reproducible 
as those with growth hormone preparations. 


DISCUSSION 


The most striking point revealed by these studies is the dif- 
ference in action of GHP and insulin on the oxygen consumption 
of the epididymal fat body vis-a-vis their action on glucose up- 
take by this tissue. Both hormone preparations have the ability 
to stimulate glucose uptake by this tissue and insulin is much 
the more potent agent in this regard. Insulin, in contrast to 


4The ovine growth hormone preparation designated (NIH- 
SGH-1), was a gift of the Endocrinology Study Section, National 
Institutes of Health. The growth potency has been estimated 
to be 60 to 70% of a standard purified growth hormone prepara- 
tion. 

5 Pituitary, Posterior, U.S.P., Lot No. 8905C, obtained through 
the courtesy of Eli Lilly and Company, 

6 The adrenocorticotropic hormone preparation, Lot No. 181-S2, 
was kindly supplied by Dr. J. D. Fisher of Armour Pharmaceu- 
tical Company. 
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GHP, has, however, very little influence on the oxygen consump- 
tion. Our findings with reference to the action of insulin thug 
confirm those of Itzhake and Wertheimer (21) on this same tis- 
sue. Haugaard and Marsh (22) reported that insulin increased 
the oxygen uptake of rat retroperitoneal fat 20% in the presence 
of glucose, although this was not confirmed by Breibart and Engel 
(23). Thus the entry of glucose into the cell cannot be the sole 
factor accounting for the ability of GHP to stimulate oxygen 
consumption. However, the entrance of glucose into the cell 
would seem to be necessary for the maximal effect of GHP on 
oxygen consumption to be seen. This is evident from the ex- 
periments in which glucose was omitted from the medium, 
Under such conditions, some response to GHP is observed but 
it is less than when glucose is present. Most striking, however, 
is the failure of insulin to augment the GHP effect when glucose 
is absent. 

The role of glucose in this regard may be to serve as the fuel 
which is burned during the extra oxygen consumption. In 
experiments with the use of uniformly labeled C'*-glucose, Wine- 
grad et al. (19) have shown that the same GHP as employed 
here does increase the oxidation of glucose to CO2 by adipose 
tissue. Moreover, the data of these authors indicate that the 
amount of 1-C'-glucose converted to C“O2 compared to the 
amount of 6-C"-glucose converted to CO. changes from a ratio 
of 4:1 in control tissue to a ratio of 1.1 when GHP is added to 
the incubation medium. Such findings are in accord with an 
acceleration in the oxidation of the complete glucose molecule 
to CO2 by way of the usual glycolytic pathway, coupled with a 
decrease in the oxidation of glucose by way of the hexose mono- 
phosphate oxidative shunt. 

Another possible role for glucose is that of furnishing four 
carbon compounds such as oxaloacetate in order that acetyl-CoA 
derived from the oxidation of the tissue’s own fat stores may be 
introduced into the tricarboxylic acid cycle. Whether or not 
either of these explanations accounts for the role of glucose must 
await further experimentation. 

The rates for the oxygen consumption of the untreated epi- 
didymal fat body reported here vary from 9.5 to 38 yl of oxygen 
per 100 mg wet weight per hour. This 4-fold variation in rate 
appears to be related in part to the age of the rat from which 
the tissue was taken. Such a large variation in rate cannot be 
attributed to changes in the percentage of protoplasm in the 
epididymal fat body. Experiments in this laboratory have 
shown that little variation is encountered in the nitrogen content 
of this tissue from rats within this age group or from different 
portions of the fat body from a single rat. A similar diminished 
activity of adipose tissue from older rats was observed by Ruska 
and Quast (24) when following oxygen consumption, by Mirsky 
(25) when measuring glycogen synthesis from glucose 1-phos- 
phate, by Perry and Bowen (26) when following C'*-acetate 
conversion to COs, and by Hagen et al. (26) when measuring the 
increased CO» production of the tissue in response to insulin. 
Factors other than the age of the rat may, however, be involved 
such as the hormone balance of the rat at the time of decapita- 
tion. 

The average value for the oxygen consumption found here is 
19.3 wl per 100 mg wet weight per hour. A similar average value 
was reported by Haugaard and Marsh (22) for rat retroperitoneal 
fat and by Mirsky (25) for minced rat white adipose tissue. 
Breibart and Engel (23) reported values of about 5 ul per 100 
mg wet weight per hour for rat retroperitoneal fat, whereas 
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Ruska and Oestreicher (28) obtained values of about 8 yl for 
rat epididymal fat. It should be noted that the last two groups 
of workers employed rats weighing 220 to 300g. Rat epididymal 


| adipose has a fat-free dry weight averaging about 2%.’ The 


control rate is thus 9.7 wl per mg fat-free dry weight per hour, a 
rate very similar to that of rat liver slices (29). In the presence 
of insulin and GHP rates as high as 50 wl per mg fat-free dry 
weight per hour have been observed, which is roughly 5 times 
that of rat liver slices and double that of rat kidney slices (29). 


| It is clear from these comparisons that the relatively small 


amount of protoplasm in adipose tissue is capable of a remark- 


| ably high metabolic activity. 


The concentration of GHP used in these experiments has 
ranged from 0.1 to 1.0 mg per ml. Even the smaller of these 
figures represents a concentration likely to be higher than that 
existing in normal rat plasma. Van Dyke et al. (30) have re- 
ported data on the survival of growth hormone in the rat circu- 
lation as measured in parabiosis experiments. These data, taken 
together with the amount of growth hormone which must be 
injected daily into an hypophysectomized rat to provide normal 
tail growth as reported by the same authors, allow a rough ap- 
proximation of the level of circulating growth hormone. The 
value so obtained is in the range 0.0003 to 0.003 mg per ml. It 
would appear, therefore, that the lowest levels of the purified 
GHP employed here were 30 to 300 times greater than the 
physiological range. However, in making such comparisons it 
must not be forgotten that the hormones reach the tissue cells 
by way of the vascular system in the experiments in vivo, whereas 
in vitro the hormones must penetrate the external surface of the 
tissue from the incubation medium which surrounds it. Never- 
theless, these comparisons do point up the possibility that the 
observed stimulation may be produced by the presence of small 
amounts of a pituitary hormone other than growth hormone in 
the preparation used. This possibility is strengthened by the 
preliminary experiments which have shown that a less pure 
growth hormone preparation is even more active in stimulating 
oxygen consumption. In this regard the early work of Oest- 
reicher (31) should be recalled. He was able to demonstrate 
large increases (50 to 120%) in the oxygen consumption of rat 
subcutaneous and epididymal fat upon the addition to the 
incubation medium (horse serum) of crude anterior pituitary 
extracts. The question must therefore be left open for the 
present as to whether the effects reported here are due to growth 
hormone, to some other pituitary hormone, or to a combination 
of pituitary hormones. 


SUMMARY 


The net gas exchange, oxygen and glucose consumption, and 
lactic acid production of rat epididymal adipose tissue have been 
measured in the presence of a purified bovine growth hormone 
preparation (GHP) and insulin, singly and combined. GHP 
did not affect the net gas exchange nor did it alter the response 
which insulin initiates in the net gas exchange. Oxygen con- 
sumption was increased by GHP and this stimulation was mark- 
edly increased when insulin was also present. Insulin alone was 
without effect upon oxygen consumption. Glucose uptake was 
increased by either GHP or insulin, but was greatest when both 
GHP and insulin were present. Lactic acid production was 
increased in the presence of insulin and GHP appeared to aug- 


’ Unpublished data obtained in these laboratories. 
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ment this effect. GHP alone had no effect upon lactic acid 
production. When glucose was omitted from the incubation 
medium the effect of GHP on oxygen consumption was less 
marked and this effect was no longer augmented by the addition 
of insulin. The oxygen consumption was inhibited by cyanide 
and SN5949 whether GHP and insulin were present or not. The 
results are discussed both from the standpoint of the mode of 
action and the question of the purity of the growth hormone 
preparation. 
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The “citric acid cycle” is now regarded as the final common 
pathway of metabolism serving as the primary route for the oxi- 
dation of metabolites. Likewise, the thyroid hormone is con- 
sidered a major regulatory substance for biological oxidations. 
It, therefore, seemed logical to study possible quantitative altera- 
tions in the cycle acids in experimental hypo- and hyperthyroid 
states. The concentrations of the cycle acids in metabolically 
active tissues, liver and muscle, were determined in experimental 
hypo- and hyperthyroid and control rats. 


EXPERIMENTAL PROCEDURE 


Thirty, adult, male, albino rats were stabilized for 1 week on a 
basal purified diet composed of the following percentages; 
casein, 20; corn oil, 15; sucrose, 59; salt mixture (Wesson’s 
formula without iodide), 4; haliver oil, 5 ml per kilo; and an ade- 
quate vitamin mixture (incorporated in part of the sucrose). 
The animals were then divided into a control group, Group 1 (6 
animals), which continued to receive only the basal ration ad libi- 
tum; a hypothyroid Group 2 (12 animals) which was fed the basal 
diet and received daily subcutaneous injections of 4 mg of the goi- 
trogen Tapazole (1-methyl-2-mercaptoimidazole) ;! and a desic- 
cated thyroid-fed*? Group 3 (12 animals) which received this 
material at first as a supplement in a thiamine solution and later 
in the basal ration at a level of 50 mg per 100g. All three groups 
were maintained for 6 weeks. 

Two other groups of animals were studied. Group 4 consisted 
of seven commercially hypophysectomized rats purchased as 
125-g males, 48 hours after operation. After basal metabolism 
studies had proved a hypothyroid status (—29 to —58% below 
the rate of 40 Calories per hr per sq. m of the control rats), the 
animals were maintained on daily injections of thyroxine for 4 
weeks. At that time they were fed the purified low-iodide diet 
without medication until the time of sacrifice (3 weeks). The 
range of weights was 110 to 130 g. Group 5 consisted of six 
male rats which had been surgically thyroidectomized. After 


* These data are taken in part from a dissertation submitted to 
the Graduate School of Wayne State University by Edwin C. 
Gangloff in partial fulfillment of the requirements for the Ph.D. 
degree, June 1955. Supported by Research Grant No. A-237(c) 
from the National Institutes of Health, and Grant No. 182 from 
the Council on Pharmacy and Chemistry of the American Medical 
Association. 

1 Appreciation is expressed to Dr. Carl A. Kuether of the Lilly 
Research Laboratories for the Tapazole used in this study. 

2 Appreciation is expressed to Dr. Daniel McGinty of Parke 
Davis Research Laboratories for the desiccated thyroid used in 
this study. 

3 Courtesy of Dr. Marian Barnhart and Dr. Paul Halick, Depart- 
ment of Physiology, Wayne State University, College of Medicine. 


the basal metabolism had reached —26 to —60%, they were 
given prophylactic calcium lactate and were injected daily with 
thyroxine for 3 weeks. Before being killed they were maintained 
on the purified basal ration for 2 weeks without medication. 

At the time of sacrifice, the 24-hour fasted animals were anes- 
thetized with a phenobarbital preparation (40 mg per kg) in- 
jected subcutaneously. The animals were exsanguinated from 
the abdominal aorta; the blood transferred into a small test tube, 
and the serum used for determination of protein-bound iodine 
(1). The quadriceps and gastrocnemius muscles, and the liver 
were immediately excised, quickly frozen with dry ice in indi- 
vidual containers, and stored in the frozen state. 

The thyroid status of each animal was established by two or 
more criteria: protein-bound blood iodine titer, gross size of 
thyroid gland at time of sacrifice, evaluation of coded histolog- 
ical sections of thyroid gland,‘ animal weight records, and 
basal metabolism data. The protein-bound blood iodine titer 
of the animals used for the hypothyroid tissue pools was <1 yg 
per 100 ml, whereas the range of a 50-ml serum pool from stock 
laboratory rats was 4.03 to 4.23 ug per 100 ml, and the range 
for sera of control Group 1 animals (low-iodide) was 1.53 to 6.55 
ug per 100 ml. The average gain of the animals whose tissues 
were ultimately pooled was 56.6 g in Group 1, 58.0 g in Group 2, 
and 31.6 g in Group 3. 

Based on thyroid status, the liver and muscle tissues to be 
pooled were selected. Two equivalent pools of 12 g each were 
prepared by rapidly slicing the frozen liver or muscle with a razor 
blade and allocating one-half of each slice to each pool. The 
tissue was weighed and transferred to a flask and allowed to 
thaw under acetone. It was then homogenized with acetone in 
a Potter-Elvehjem homogenizer and transferred to a calibrated 
50-ml centrifuge tube. Concentrated hydrochloric acid was 
added dropwise to approximately pH 2.0. After storage over- 
night at 0°, to allow complete extraction of the cycle acids, the 
acid-acetone extract was centrifuged and aliquots were pipetted 
into separate tubes for subsequent chromatography. 

The acetone present in the extract was evaporated by water 
pump suction of dry air through the sample, to a volume of 3 
ml, and the residual aqueous extract was centrifuged to reomve 
acid heme. The extract was filtered through a disk of Whatman 
No. 50 filter paper and 2.5 ml of clear straw-colored filtrate were 
collected in a centrifuge tube, equivalent to 5 g of the original 
tissue. Anhydrous acetone (Mallinckrodt or Merck) was added 
repeatedly to the filtrate until the extract was evaporated to 


4 Appreciation is expressed to Dr. Ernest Gardner of the Depart- 
ment of Anatomy, Wayne State University, College of Medicine, 
for this evaluation. 
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dryness by water pump suction. The dry film was redissolved 
in 2 ml of redistilled 10% tertiary amyl! alcohol in chloroform, 
and the mixture was allowed to stand for at least 3 hours before 
chromatographing on silica gel as described earlier (2, 3), but 
with the use of 100 mesh silicic acid (Mallinckrodt). In addi- 
tion, 0.1 ml of 0.4% resorcinol in chloroform was added to the 
collector tubes before fraction collection. 

After the required number of 80-drop fractions (90 to 100 
tubes) had been collected (approximately 3 days), the tubes were 
allowed to evaporate to dryness at room temperature; heated in 
an electric oven at 110° + 3° for 1 hour, then aspirated by a five- 
fingered suction manifold for a total time of 60 minutes more to 
remove final traces of tertiary amyl alcohol vapor. At room 
temperature, 0.2 ml of concentrated sulfuric acid (Mallinckrodt) 
was added, and the fluorescent organic acid derivatives were 
developed by heating in a boiling water bath for 20 minutes (4). 
The fluorescence obtained was plotted against fraction number. 


RESULTS 


A typical liver chromatogram is shown in Fig.1. The identity 
of the numbered peaks was established by prior placement of 
pure organic acids singly and in mixtures. An irregular peak at 
Fractions 12 to 16 was present in the liver tissue of the control 
animals (cf. diagonal shading). This peak was increased in the 


_ liver extract from the hypothyroid animals (crosshatched area) 


and was decreased in that from the desiccated thyroid-fed rats. 
This peak was initially designated “X”. The average concen- 
trations of the cycle acids found in liver and muscle by the fluoro- 
metric procedure are given in Table I. Each value is an average 
of the values from three to six chromatograms. The extent of 
increase of the ““X”’ peak in the hypothyroid groups and decrease 
in the thyroid-fed group is evident. No other consistent differ- 
ences were detectable between the control and hypothyroid 
groups. However, the levels of all of the cycle acids appear to 
be somewhat lower in the desiccated thyroid-fed group than in 
those of the controls. The values obtained with the pooled 
muscle tissue of the various groups paralleled those obtained 
with liver but were somewhat lower. 

Identification of the ‘““X”’ peak at Fractions 12 to 16 was next 
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attempted. The evidence indicated that “X” was oxalacetate 
and not pyruvate per se. 

1. Titration of Fractions 12 to 16 indicated that “X” was 
acidic. 

2. Repeated placement of pure pyruvic acid on the silica gel 
column clearly affirmed that pyruvic acid was eluted in this 
system as a single peak far removed from the “X” position in 
question. 

3. Previous studies (3) concluded that oxalacetate was eluted 
near Fractions 12 to 19, immediately following a-ketoglutarate. 

4. When pure solutions of oxalacetic acid were measured by 
the 2,4-dinitrophenylhydrazone method (5), a 90% or better 
conversion to pyruvate could be demonstrated. 

5. Determination of keto acids (as a-ketoglutarate and pyru- 
vate) in aliquots of homogenized tissues by the 2,4-dinitro- 
phenylhydrazone method (5) indicated that the total pyruvate 
content was greater in the hypothyroid pool. 

6. When fractions of the ““X” peak were trapped in 2,4-dini- 
trophenylhydrazone reagent during column collection, and meas- 
ured by their conversion to pyruvate, levels of 6.39, 7.49, and 
2.99 mg per 100 ml were found for control liver pool, Tapazole- 
injected animal liver pool, and desiccated thyroid-fed animal liver 
pool, respectively. 

7. Direct determination of the oxalacetate content of experi- 
mental and control tissues by the borate complex procedure of 
Greenwood and Greenbaum (6) revealed that the oxalacetate 
level was higher in hypothyroid and lower in desiccated thyroid- 
fed rat livers, than in livers of control animals. 

8. Addition of known oxalacetic acid to normal liver homog- 
enates, and subsequent column chromatography, produced an 
augmentation of the “X” peak only. 

Further studies, with the techniques of paper chromatography 
of the silica gel chromatographic fractions, and infrared spectra 
of the “X” peak confirmed its homogeneity and identification as 
oxalacetate. Duplicate hypothyroid tissue extracts were chro- 
matographed in the usual manner (Columns 1 and 2) except that 
2 drops of NaOH (1 mg/ml) were added to the collecting tubes. 
Standard keto acids were accorded this same treatment before 
paper chromatography. The sequence of tubes thought to con- 
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Fig. 1. Control liver chromatogram: 1, fat; 2, fumaric acid; 3, a-ketoglutaric acid; ‘‘X’’, oxalacetic acid; 4, lactic acid; 6, suc- 
cinic acid; 6, pyruvic acid; 7, cis-aconitic acid; 8, malic acid; 9, isocitric acid; 10, citric acid. 
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TABLE I 
Average concentration of organic acids in tissues of 24-hour fasted 
animals 
Acid Probe 2 Group 4* | Group 5 | Group 2 | Group 3 
Liver, mg per 100 g frozen tissue 
““X”’ Peak (oxalacetic).| 5.75 | 10.70 | 14.40 9.05 2.64 
| eat are placa ec eal: 0.57 | 0.44 0.82 0.81 0.35 
cis-Aconitic........... 0.64 | 0.42 0.34 0.43 0.90 
are eS 0.39 0.42 0.51 0.34 
a-Ketoglutaric........ 9.61 | 10.03 6.00 8.84 5.13 
AE Pir oet: 1.48 1.69 1.57 1.49 1.44 
Dee oe See ee 0.66 1.15 0.76 0.92 
eS SI 1.32 | 0.69 1.40 0.88 0.72 
Muscle, mg per 100 g frozen tissue 
“X’? Peak(oxalacetic).| 3.15 2.59 3.87 1.08 
BO, 2/505 2 < bie cinkean 0.74 0.79 0.44 0.18 
cis-Aconitic........... 0.61 0.16 0.25 0.24 
IN 3 Ga. -0°- 0% 4,0:0:2, chal, OO 0.40 0.25 0.14 
a-Ketoglutaric........ 7.36 5.23 7.79 1.35 
RNS os ce, oun 0.60 1.05 1.36 0.56 
rere le 1.21 0.59 0.28 
ME as Circe ele es 0.53 0.97 0.92 0.59 




















* Group 4, hypophysectomized animals. 
Group 5, surgically thyroidectomized animals. 
Group 2, Tapazole-injected animals. 
Group 3, desiccated thyroid-fed animals. 


TABLE II 
Infrared spectra of keto acids 





Solute Solutes in organic solvent* Solutes in aqueous solventt 





Pyruvic acid Broad peak, 5.6-5.85 u 


Sharp peaks, 7.2; 7.4 u| Broad peak, 7.0-7.2 u 
Sharp peak, 7.4 u 
Broad peak, 8.5-8.9 1 | Sharp peak, 8.5 u 
a-Ketoglutaric | Sharp peaks, 5.85;9.16; | Sharp peak, 9.2 u 


9.58 » Sharp peaks (KBr pel- 
let method), 5.8; 9.2; 
9.6 u 


Broad peak, 11.2 u 


Oxalacetic Small peak, 5.5 
Double peak centered 
at 5.9 uw and 6.15 » 
Sharp peak, 9.18 u Sharp peak, 9.4 uz 
Broad peak, 10.8 u 
Pooled chro- | Sharp peak, 5.5 u 
matography | Double peak centered 
Fractions at 5.85 wu and 6.10 u 
12-16 











* 200 ug of solute in 10% tertiary amyl alcohol in chloroform; 
Perkin-Elmer model 112; 0.25-mm cell thickness for standards; 
1-mm cell thickness for chromatography fractions. 

t Transmittance evaluated from Parker (8) for 10% aqueous 
solutions of solute; Perkin-Elmer model 21; 0.053-mm cell thick- 
ness. 
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tain a-ketoglutarate followed by oxalacetate were individually 
concentrated to approximately 0.08 ml on a Rinco evaporator, 
This volume was spotted on slit sheets of distilled water-washed 
Whatman No. 1 paper. With the use of the acid developer of 
Ladd and Nossal (7), overnight equilibration, and 6-hour de- 
scending chromatography at 29°, Fractions 7 through 11 from 
each of the two silica gel columns produced a single spot of R, 
0.50 to 0.55. A 100-ug a-ketoglutarate standard gave a single 
spot of Rr 0.55 to 0.56. Fractions 12 to 16 from Column 1 gave 
single spots of Rr 0.67 to 0.71. 





A 100-ug oxalacetate standard | 


gave a single spot of Rr 0.69 to 0.72. Mixtures of 50 ug of | 


a-ketoglutarate and oxalacetate showed two spots: Rr 0.54 to 
0.56 and 0.67 to 0.69. Fractions 12 to 16 from Column 2 were 
used for the parallel infrared spectra study.® 

The infrared transmittance evaluated from Parker (8) for 
10% aqueous solutions of the keto acids oxalacetic, a-ketoglu- 
taric, and pyruvate as the sodium salt showed their greatest 
difference at 8.5 uw and in the region 9.0 to 9.5 uw. Certain 
similarities are evident when corresponding data obtained on 
10% tertiary amyl alcohol in chloroform solutions containing 
200-ug quantities of the free keto acids are examined (cf. Table 
II). The pooled column chromatography fractions (12 to 16) 
represent the “heart” of the peak ascribed to oxalacetate. These 
fractions were evaporated with nitrogen, and the infrared spec- 
trum was run at maximal gain. Because of possible lability of 
oxalacetate, only the regions 5.4 wu to 6.4 uw were scanned. The 
sharp peak at 5.5 » was more pronounced than at the lower 
amplification used in the known oxalacetic scan. A characteris- 
tic double peak was observed at 5.85 uw and 6.10 y, slightly dis- 
placed from the known oxalacetic, but quite unlike that seen 
with pyruvic acid at 5.6 to 5.85 yp. 


DISCUSSION 


The foregoing results obtained on the tissues from adult rats 
suggest that there is no gross failure of the functioning of the 
tricarboxylic acid cycle in hypothyroid and hyperthyroid ani- 
mals. However, there is a definite alteration in a keto acid 
which our studies indicate is oxalacetic acid. Why this acid is 
significantly elevated above the normal level in hypothyroid 
animals, and depressed in hyperthyroid animals, is not entirely 
clear at this time. Estabrook et al. (9) suggested on the basis of 
heart homogenate studies that thyroxine may, like calcium, act 
indirectly by lowering the concentration of oxalacetate, a potent 
inhibitor of succinic dehydrogenase. Clarke and Ball (10) found 
that thyroxine addition in vitro decreased oxalacetate (formation 
?) in fresh rat heart homogenates, and placed the site of thy- 
roxine action at the malic dehydrogenase enzyme. The further 
observations of Wolff and Ball (11) also support an hypothesis 
that added thyroxine acts in heart homogenates to prevent 
oxalacetate production from reaching a level which would inhibit 
succinic dehydrogenase. 

The present investigation indicates that not only is oxalace- 
tate concentration decreased in vivo in liver and muscle of desic- 
cated thyroid-fed rats but that oxalacetate accumulates in these 
same tissues of hypothyroid rats. 


SUMMARY 


Determination of the citric acid cycle pattern in the liver of 
hypothyroid animals (hypophysectomized, surgically and chem- 
5 Appreciation is expressed to Dr. George Humphrey, Depart- 


ment of Chemistry, West Virginia University, for use of the infra- 
red spectrophotometer. 
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jeally thyroidectomized) indicated no gross alteration in the 
functioning of the cycle. However, there was present a signifi- 
cant increase in a keto acid which column and paper chromatog- 
raphy, and infrared spectra studies indicate is oxalacetic. The 
amounts of the cycle acids in muscle of hypothyroid rats tend to 
parallel those found in liver. 

A significant decrease in the oxalacetate concentration was 
found in the liver and muscle of desiccated thyroid-fed animals. 
The concentrations of the other cycle acids likewise tended to be 
jower than those of control animals. These observations sug- 
gest that the regulation of the oxalacetate concentration of tis- 
sues may be a specific point of metabolic activity of thyroxine. 
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It has been shown that the feeding of cholesterol to rabbits 
causes adipose tissue to disappear from the animal despite the 
fact that there has been no weight loss (1,2). In an effort to 
understand this phenomenon, studies have been carried out in 
vitro on rat adipose tissue. Rat epididymal adipose tissue was 
chosen because of the reports of Winegrad et al. (3), Cahill e¢ al. 
(4), Gordon et al. (5), White et al. (6), and Ball et al. (7), indicat- 
ing that this adipose tissue is consistently responsive to various 
hormones such as insulin, epinephrine, and corticotrophin. 
These three hormones have been shown to promote the oxidation 
of glucose by adipose tissue. Epinephrine and corticotrophin 
also promote lipolysis in adipose tissue. Previous studies have 
indicated that cholesterol will block the uptake of fatty acids by 
adipose tissue as well as glucose (8). To understand these effects 
of cholesterol, studies on the normal metabolism of adipose tissue 
were begun. These studies are the subject of this report. 

Previous studies by Milstein (9), Winegrad et al. (3), and 
Cahill et al. (4), have indicated that in adipose tissue, carbon 1 
of glucose is more rapidly oxidized to CO, than is carbon 6. 
These results have been interpreted to mean that there is a very 
active phosphogluconate pathway in this tissue. This is not 
unexpected since the work of Langdon (10), Wakil (11), and 
others has indicated that reduced triphosphopyridine nucleotide 
is necessary for the synthesis of fat. 

The experiments of Winegrad and Renold (3) on rat epididy- 
mal adipose tissue have indicated previously that insulin stimu- 
lates the conversion of radioactive glucose to radioactive CO: 
and triglyceride. Experiments of Cahill et al. (4) have shown 
that a large fraction of the isotopic glucose was recoverable in 
triglyceride as glycerol. Cahill e¢ al. (4) have further shown 
that glyceride-glycerol is synthesized preferentially from carbon 
1 of glucose. However, glycogen was synthesized equally well 
from carbon 1 and from carbon 6 of glucose. The experiments of 
White and Engel (6) have also demonstrated a rise in tissue 
fatty acids upon the addition of epinephrine or corticotrophin in 
the absence of medium albumin. The experiments herein re- 
ported are attempts to correlate the diverse effects of hormones 
on the carbohydrate and fat metabolism of rat adipose tissue. 


METHODS 


Tissue Preparation—Epididymal fat pads were removed from 
250- to 400-g, fed Osborne-Mendel rats which were killed by a 
blow on the head. The epididymal fat was quickly removed 


* Supported by Grant No. RG-4758 from United States Public 
Health Service. 

t Markle Scholar in Medical Sciences. 
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and placed in a buffer containing all experimental additions 
except the hormones and the isotope, and incubated at 26° for 
15 to 30 minutes. Fragments weighing 200 mg were then re- 
moved from the pooled samples of several epididymal fat pads, 
These fragments were transferred to stoppered 10-ml Erlenmeyer 
flasks containing a sodium hydroxide trap or to 12-ml Warburg 
manometer flasks, containing 1 ml of Krebs’ phosphate buffer, 
or Krebs’ bicarbonate buffer, pH 7.3. The addition of varying 
amounts of bovine albumin lowered the pH of this buffer, and in 
all cases the pH was readjusted to 7.3 with 0.1 m sodium hydrox- 
ide. 
3hours. The gas phase was air. 

Methods—CO, was collected from the alkali traps at the end 
of the incubation and counted as barium carbonate. Triglyc- 
eride was assayed after removing the tissue from the buffer and 
extraction of the tissue with 1:1 chloroform-methanol. It was 
necessary to macerate the tissue with a stirring rod in the chloro- 
form-methanol at 40° to extract all fat. The chloroform-metha- 
nol was then washed, by the method of Folch (12), and an 
aliquot of the chloroform plated directly and counted. Similar 
extractions at zero time revealed that no labeled glucose was 
contained in this fraction. The defatted tissue fragments were 
then completely dissolved in 5 N sodium hydroxide at 80°, and 
the glycogen precipitated with 5 volumes of 95% ethanol. The 
precipitated glycogen was redissolved in water and again precipi- 
tated for a total of three times. It was then redissolved in water 
and small aliquots counted directly. The remainder of the 
glycogen was assayed colorimetrically. Isolation of glycogen 
from the incubation at zero time again revealed that no radio- 
activity was contained in this fraction at the end of three re- 
precipitations. The fact that this material was glycogen was 
proven by separating the glucose, after acid hydrolysis, by paper 
chromatography (see below), and by counting the isolated glu- 
cose. 

The chloroform-soluble triglyceride was saponified in 30% 
potassium hydroxide in ethanol for 12 hours at 70°. After 
saponification the material was acidified with sulfuric acid and 
extracted into heptane. Aliquots of the heptane extract were 
counted directly, as well as the water phase. Titration of the 
heptane phase (13) revealed that saponification was 100%. (Tri- 
glyceride was assumed to be tripalmitin.) Colorimetric measure- 
ment of glycerol (14) in the acid phase likewise revealed complete 
saponification. 

Counting of C™ was done in a gas flow counter and all counts 
either performed at infinite thinness, or converted to infinite 
thinness, with the use of appropriate absorption curves. 

Lactic acid, glycerol, and fatty acids were isolated (see below) 
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Incubations were carried out, with shaking, at 36° for 2 to | 
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and assayed in the buffer at the end of the incubation. Lactic 
acid was measured colorimetrically by the method of Barker and 
Summerson (15). Glycerol was measured colorimetrically by 
the periodate method of Korn (14). Fatty acids were extracted 
into heptane and titrated by the method of Dole (13). Fatty 
acids were separated from triglyceride by the extraction proce- 
dures of Borgstrom (16). Glucose was usually measured en- 
symatically. The Glucostat reagent for enzymatic glucose meas- 
urement was obtained from Worthington Biochemical Corpora- 
tion. This enzymatic method was checked by a colorimetric 
method (17). Small aliquots of the medium were deproteinized 
with one volume of acetone and placed on paper chromatogram. 
The paper chromatograms were run in a descending system on 
Whatman No. 1 paper. The developing fluid contained butanol 
160 parts, water 320 parts, methanol 80 parts, and formic acid 
part. In this system the Rp of glucose was 0.27, glycerol 0.50, 
and lactic acid 0.75. On each chromatogram tracer amounts of 
radioactive glucose, lactic acid, and glycerol were used as markers. 
After development of the chromatogram the marked areas were 
eluted from the paper and counted. Oxygen uptake was meas- 
ured manometrically. Triose phosphate isomerase was meas- 
ured in tissue homogenate by the method of Beisenherz (18), 
and phosphoglucose isomerase by the method of Slein (19). 


MATERIALS 


Corticotrophin was obtained from Wilson Laboratories, Lot 
No. 102621, and contained approximately 140 U.S.P. units per 
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milligram. This material had been purified through the oxycel- 
lulose procedure. p(—)- and 1(+)-Epinephrine bitartrate were 
obtained in the crystalline form from Winthrop-Stearnes Com- 
pany, crystalline bovine serum albumin from Armour and Com- 
pany, and crystalline insulin was obtained through the courtesy 
of Dr. W. R. Kirtley of the Lilly Research Laboratories. All 
the isotopes were commercially obtained. Glucose-1-C™“ and 
glucose-6-C™ were from Volk Radiochemicals; glycerol-1-C™ and 
lactic acid-2-C“ were obtained from Nuclear-Chicago. The 
radioactive glucose, glycerol, and lactic acid were paper chro- 
matographically pure. 


RESULTS 


The data in Tables I and II indicate a balance sheet of the 
recovery of isotope, with glucose-1-C™ and glucose-6-C™, in the 
various fractions of the adipose tissue, as well as the change in 
content of glucose, lactic acid, glycerol, and fatty acids in the 
medium, and glycogen in the tissue. The results in each case 
are expressed as %, i.e. carbon recovered in each fraction /amount 
of glucose consumed during incubation X 100, or as umoles of 
radioactive glucose carbon recovered in each fraction, per 200 
mg of adipose tissue. Insulin, epinephrine, and corticotrophin 
all cause an increase in glucose utilization during the incubation. 
These hormones increase medium lactic acid content. Insulin 
causes a rise in tissue glycogen, but epinephrine and cortico- 
trophin cause a slight decrease in tissue glycogen. Epinephrine 
and corticotrophin further cause a sharp increase in medium glyc- 


TABLE I 
Recovery of C'4 after incubation of adipose tissue with 1-C'4-glucose 
Each flask (standard 12-ml Warburg flasks with center well containing 1 n KOH) contained 1 ml of Krebs’ phosphate buffer which 
contained 0.5% bovine serum albumin, 3.2 wmoles of 1-C'*-glucose (50,000 c.p.m. per ml), and 200 mg fragments of rat epididymal adipose 


tissue which had been preincubated in the same buffer without isotope for 15 minutes at 37°. 
The insulin solution contained 0.5% bovine serum albumin. 


arm in 0.1 ml of buffer. 
in the manometer with nitrogen. 


The additions were placed in the side 
Anaerobiosis was effected by replacing the air 


Incubations were for 3 hours at 37° with shaking. Oxygen consumption was measured and CO, 


collected in the alkali (see text). At the end of incubation, medium glucose, lactic acid, glycerol, and fatty acids were isolated, meas- 
ured colorimetrically, and their isotope content assayed. Infinitely thin samples (less than 2 mg) of all the fractions except the barium 


carbonate were counted. All isotopic data were expressed in terms of infinite thinness. 


ymoles, as well as in percentage, 7.e. 


All the determinations were expressed as 


Counts recovered 





X 100. 


Counts of glucose used 





Tissue glycogen and tissue triglyceride were also separated and measured. The triglyceride was saponified and the glycerol and fatty 
acid obtained, separated, counted, and expressed as total counts in glycerol or fatty acid/total counts in neutral fat X 100. All de- 
terminations were done either in duplicate or triplicate. The numbers tabulated represent the means from five or more experiments, 
with standard errors. 














Triglyceride Tissue glycogen Molian love Medium glycerol sane” pied 
Addition Ghows | 00 cy. | Gy. Re nk an Os used 
L ‘o ‘0 ‘0 
% fat ; one Total % umoles | % | yumoles | 7% umoles | 7% 
pmoles % % % mg/g pmoles 
Control 0.51 +] 49 +) 28 +] 76 +| 24 +10.244/2.04/0.3 4 7 | 0.38 +] <1) 0.15 +] 0 | 1.08 + 
0.25. | a.2 |, aoa 1. ace 2.0} 0.01 0.07 | 0.05 0.02 0.003 0.04 
Insulin, 0.02 mg 1.42 +| 50 +] 29 +/ 69 +| 31 +/0.385 +) 8.1 +) 0.55 +| 9/ 0.11 +] <1) 0.21 4) 2/142 
0.21 i: ae a. 1.7} 0.05 0.11 0.11 0.04 0.002 0.12 
pD(—)-Epinephrine*, 0.02 mg 2.02 +] 23 + 49 +) 8 + | 92 +/0.171 + 1.2 + 0.89 +) 12/2.82) <1)08+/)1/)2.82 
0.33 1.6 | 4.3 1.8) 5.7 | 0.04 0.03 | 0.14 0.04 0.02 0.21 
ACTH, 0.02 mg 1.61 +] 22 +) 55 +) 5 + | 95 +/10.18 +/ 1.2 +/0.842) 9/262] <1}11242/]2/2.1+4 
0.17 2.2} 1.7 |.-2.7 | 5.6} 0:08 0.03 | 0.09 0.07 0.04 0.40 















































* p(—)-Epinephrine bitartrate. 
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TaB_e II 
Recovery of C' from adipose tissue from young rats with the use of 1-C'4- and 6-C'4-glucose, expressed as % of glucose used 
Experiments were performed as in Table I. Glucose-1-C'4 and glucose-6-C™ were used as the substrates. Recovery of C™ in the 


various fractions isolated is tabulated, and expressed as 


total counts recovered in each fraction 





100. 


counts of glucose used 
Over 90% of the C*4-glucose which disappeared from the medium was accounted for in most cases. 
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Fig. 1. Change in concentration of glucose, glycerol, and fatty 
acid in control and epinephrine-stimulated rate adipose tissue 
during incubation. Each flask contained Krebs’ phosphate buffer, 
5 ml; glucose, 3.2 wmoles; bovine albumin, 2% by weight (except 
where indicated); 600 mg of rat epididymal adipose tissue (pre- 
incubated as in Table I, and obtained from 350-g fed animals); 
and p(—)-epinephrine (20 ug per ml) where indicated. Incuba- 
tion was performed at 37° with shaking (Dubnoff metabolic 
shaker). Gas phase was air. At the time intervals, aliquots of 
the medium were removed (0.5 ml) and assays for glucose, glycerol, 
and fatty acid performed (see text). No correction was made for 
the change in volume of the medium during the incubation. 

——, epinephrine-containing flask; - --, control flask; O, fatty 
acid determination; X, glycerol; @, glucose; , ®, glycerol (in the 
absence of albumin in the incubation); and @, glucose (in the 
absence of albumin in the medium). No fatty acids could be ti- 
trated in the medium in the absence of albumin. 





erol and fatty acids. Epinephrine and corticotrophin promote a 
sharp increase in oxygen utilization; however, insulin only 
slightly stimulates oxygen uptake. Jungas and Ball (20) have 
reported that insulin does not increase oxygen uptake by this 


tissue. Insulin, epinephrine, and corticotrophin cause an in- 
crease in the production of radioactive CO: as well as an absolute 
increase in the isotope content of the triglyceride in the tissue. 
Saponification of the triglyceride revealed that the control adi- 
pose tissue as well as that exposed to insulin synthesizes glye- 
eride-fatty acid from glucose, whereas epinephrine and 
corticotrophin synthesize glyceride-glycerol. Table II indicates 
the distribution of C4, with the use of differentially labeled glu- 
cose, in the various fractions, expressed in terms of glucose used 
during the incubation. Control adipose tisue as well as the 
tissue stimulated by insulin preferentially oxidize carbon 1 of 
glucose to CO. However, epinephrine- and corticotrophin- 
stimulated tissues preferentially use carbon atom 1 of glucose 
for the synthesis of glyceride-glycerol. In the presence of in- 
sulin carbon 6 of glucose is incorporated into glyceride-fatty 
acid, and conversely, epinephrine and corticotrophin preferen- 
tially promote oxidation of carbon 6 of glucose to CO: and lactic 
acid. Insulin promotes the deposition of glycogen from glucose; 
however, carbon 1 and carbon 6 of glucose are incorporated at 
equal rates. Although medium glycerol and medium fatty acids 
rise sharply during the course of the incubation (Table I), there 
is no appreciable incorporation of the radioactive glucose into 
either of these fractions. 

The data in Table I indicate that more glycerol than fatty 
acids accumulates in the medium after the addition of epineph- 
rine or corticotrophin. Since neither the glycerol nor the fatty 
acid is radioactive after incubation with radioactive glucose, 
the glycerol and fatty acid must have arisen from the large 
amount of triglyceride which is contained within the adipose 
tissue. Fig. 1 demonstrates the course of the lipolytic phenome- 
non with time. Despite the fact that glycerol continues to rise, 
fatty acids begin to rise, but plateau between 30 minutes and 1 
hour. The data in Fig. 1 indicate that the presence of albumin 
is necessary for the release of fatty acids. Lopez et al. (21) 
have shown that fatty acids rise in the tissue as well as in the 
medium in the presence of epinephrine. The results obtained 





July 


after 

steari 
as ins 
into t 
cortic 


Co: 
Data 
fracti 





Addit: 


Cont: 


Insul 

Epi- 
ney 
rin 


ACT: 


Cont 

Insul 

Epi- 
ne] 
rin 


ACT 


Cont 
Insu 
Epi- 
ne 
rin 


ACT 





ae 
per } 


Cc 
3 ho 
cose 


Con‘ 
L(+ 
L(+ 
L(+ 
D(— 





* 

















































































































No.7 9 july 1960 W.S. Lynn, R. M. MacLeod, and R. H. Brown 1907 
after the addition of small amounts (0.2 umole) of radioactive acid into triglyceride is markedly reduced (Table III). This, 
d stearic acid to the incubations indicate that the control, as well however, probably reflects the effect of a large increase of pool 
‘in the | as insulin-stimulated tissues, incorporate most of this fatty acid size of fatty acids obtained from the lipolytic effect of these two 
into triglyceride. However, in the presence of epinephrine and hormones. 
corticotrophin, the percentage incorporation of radioactive fatty Since the pool sizes of glycerol, lactic acid, and fatty acids 
are caused to change markedly on addition of the various com- 
TaBLeE III pounds under study, the fate of these compounds was studied 
Metabolism of glycerol-1-C™, lactic acid-2-C'4, and in adipose tissue. In confirmation of the studies of Shapiro 
stearic acid-1-C' by rat adipose tissue et al. (22), Table III indicates that glycerol-1-C" is very poorly 
se Conditions same as in Table I. Incubation time 2 hours. metabolized by rat adipose tissue to either CO: or fat, and also 
Data are expressed as total counts per minute recovered in each that this slow rate of metabolism is further impaired on the addi- 
fraction, and as %. tion of corticotrophin or epinephrine. Lactic acid, on the other 
C4 a : p ? hand, is readily metabolized by adipose tissue. Epinephrine 
; Additions* & 0% ee fay acid % and corticotrophin stimulate the oxidation of lactic acid to COs, 
80 used | Total % Total % fat although the incorporation of this acid into triglyceride is dimin- 
ished by these two hormones. 
93 Glycerol-1-C'* (100,000 c.p.m., 0.2 umole) Table IV depicts the relationship between lipolysis and glucose 
ie utilization by adipose tissue. It shows that at a concentration 
Control | 0.31| 3,800/3.8 + 0.30| 2,100] 2.1 + 0.4| 21 + 6.1 °F 9.001 mg of 1(+)-epinephrine, no effect on glucose could be 
Insulin | 1.91| 2,0502.0 + 0.15| 3,800 3.8 + 0.12| 25 + 7.2 detected. However, lipolysis is still weakly active, z.e. glycerol 
Epi- 1.87| 1,000/1.0 + 0.21] 500| 0.5 + 0.15| 16 + 4.7  Tises in the medium. Under these conditions, the marked pref- 
neph- erence for carbon 1 in the synthesis of glyceride-glycerol is still 
rine present; however, carbon 6 of glucose appears as glyceride-fatty 
ACTH | 1.60) 8500.85 + 0.22} 300) 0.38 + 0.15) 11+ 7.1 acid. The phosphogluconate shunt, at this epinephrine concen- 
tration, is still the predominant CO: producer, 7.e. the C-1:C-6 
an ip Lactic acid-2-C™ (40,000 c.p.m., 0.2 ¢mole) ratio for COz is greater than 5; and lactic acid, which is pre- 
bsolute dominantly labeled from carbon 6 of glucose (Tables II and III), 
tissue, | Control | 0.37| 6,100] 15.1 + 2.1) 8,100] 20.3 + 1.9] 85 + 5.2 ig converted to glyceride-fatty acid. 
rol adi- _" ry bp a 4 : May = : “4 : . -~ ss Fig. 2 indicates that the lipolytic effect of epinephrine and 
es glyc- a : : ; : ; corticotrophin, i.e. the release of glycerol and fatty acid, is not 
e and ne dependent on glucose or oxygen nor is it inhibited by iodoace- 
idicates } ACTH | 1.13/21,200| 52.5 + 2.1] 1,500| 3.7 + 1.6|85 + 2.7 tate. (Iodoacetate, under these conditions, completely inhibits 
led glu- glucose and Oz uptake.) The lipolytic effect is therefore not 
se used Stearic acid-1-C™ (100,000 c.p.m., 0.2 umole) dependent on the oxidation of glucose or other glycolytic sub- 
as the strates, nor is the effect of p(—)-epinephrine on oxygen uptake 
on 1 of | Control | 0.29 <1 7,200) 52.1 + 5.1/100 dependent on the presence of glucose (Fig. 3). 
rophin- | Insulin | 1.03 <1 14,800) 91.5 + 4.2/100 Since Krebs’ phosphate buffer is unphysiological (high con- 
glucose | EPi- 1.61 <1 280) 2.4 + 1.4/100 centration of phosphate ion), and since the studies of Wu et al. 
> of in- neph- (23) on other cells have indicated that phosphate ion concen- 
Je-fatt ae tration is one of the controlling factors of the rate of glycolysis, 
clad staal Seine rier —— experiments were carried out on adipose tissue in Krebs’ bicar- 
d lactic * Concentrations of insulin, epinephrine, and ACTH, 0.02 mg bonate buffer. Table V indicates that the ratios of carbon 
glucose; | per ml. 1:carbon 6 in glyceride-glycerol and glycerol-fatty acid are both 
rated at 
ty acids TABLE IV 
)s there Comparison of lipolysis and glucose metabolism with varying concentrations of epinephrine 
oe Conditions same as in Table I, except that varying concentrations of L(+)-epinephrine were added at zero time. Incubation time, 
3hours. For ease of comparison CO: and triglyceride were expressed as umoles, calculated from the % of radioactive carbon of glu- 
= fatty cose found in each fraction. 
/pineph- 
he fatty COz Triglyceride Glyceride-glycerol, % of 
glucose, hatin dittaesitand (calculated) (calculated) neutral fat Medium fatty Medium 
re large C-1 | cs C-1:¢6 | CA | C4 | C-1:C-46 C-1 C4 
adipose 
henome- pmoles pmoles pmoles pmoles umoles 
to rise, Control 0.41 + 0.04/0.28/0.06/4.8 + 0.51/0.12/0.18/0.66 + 0.02) 6 + 1.1/16 + 1.2/0.12 + 0.01/0.34 + 0.02 
2s and 1 L(+)-Epinephrine, 0.001 mg (0.49 + 0.05/0.27/0.05/5.4 + 0.26/0.21/0.14)1.5 + 0.17/58 + 2.3/13 + 1.1/0.17 + 0.03/0.56 + 0.04 
albumin .(+)-Epinephrine, 0.004 mg |1.20 + 0.14/0.26/0.21/1.2 + 0.02)0.49/0.27/1.8 + 0.10/72 + 2.9/48 + 4.2/0.20 + 0.05/0.71 + 0.08 
al. (21) .(+)-Epinephrine,* 0.02 mg {1.46 + 0.12/0.40/0.57/0.7 + 0.04/0.41/0.21/1.9 + 0.13/92 + 3.2)69 + 2.8]1.02 + 0.13/2.59 + 0.16 
‘ in the D(—)-Epinephrine, 0.002 mg [1.31 + 0.17|0.42/0.67/0.63 + 0. 05/0. -51/0.24/2.1 + 0.15/91 + 4.1/79 + 3.1/1.12 + 0.19/2.8 + 0.19 
»btained * As epinephrine tartrate. 
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Fig. 2. Change in concentration of fatty acid and glycerol in 

control and epinephrine-stimulated rat epididymal adipose tissue. 

Conditions same as in Fig. 1, except each flask contained sodium 

iodoacetate (5 X 10-* Mm), glucose was omitted, and the flasks were 


continually flushed with nitrogen. Sodium iodoacetate (5 X 107% 
M) completely blocked glucose and oxygen uptake in control tis- 
sues under these conditions. Line legends same as in Fig. 1. 





2 Say ae re ey ee ee T T T T 
2.4 
2.0 


1.6 
1.4 
1.2 
1.0 
0.8 


O2 Uptoke 


g 
z 
= § 





04 








— SE 
20 30 40 50 6OMin. 90 2 He. 150 SHr. 


Fic. 3. Stimulation of oxygen uptake by epinephrine in the ab- 
sence of glucose. Oxygen utilization was measured, as in Table I, 
in absence of glucose. Each point represents the mean of 7 de- 
terminations. The vertical bars over each point are standard 
errors. O——O, control; @——®@, epinephrine (20 ug per ml). 
Conditions same as in Table I, except that younger rats (230 g, 
3 months old) were used. Respiration in these animals is much 
faster (3-fold) than in older animals (10 months or older). 


TABLE V 


Fate of radioactive glucose in adipose tissue incubated 
in Krebs’ bicarbonate buffer 
Conditions same as in Table I, except Krebs’ bicarbonate buffer 
replaced Krebs’ phosphate buffer. Gas phase was 95% air, 5% 
CO:, and CO, was collected at the end of the incubation rather 
than during it. All the other measurements were performed as 











in Table I. 
eh ae forty 
Trigly- |@cid % of triglyc- 
Addition Gineese cohts amide, eride Lactic acid 
C-1 C-6 

pmoles pmoles 
Control 0.28 | 4.54 (0.944 (85 + + 0.85 + 
0.24 0.04 2.7 3.4 0.06 
p(—)-Epineph- 1.32 (0.81 + |1.05 + |254+ |29+ (1.35 + 
rine 0.04 0.05 2.1 | 2.4] 0.00 
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approximately 1.0 in Krebs’ bicarbonate buffer. However, the saisbil 
effects of the hormone on glucose uptake and lipolysis in this -< 
buffer are essentially the same as in phosphate buffer (Table V), aa 

All experiments herein reported were done in duplicate and | eave 
have been repeated for a minimum of five times. The experi. | IIT) 
ments are easily reproducible under these conditions. tactic 

DISCUSSION Junga 
, , actual! 

Diagram I is an attempt to map out the path of glucose car- accele 
bon in rat adipose tissue incubated in Krebs’ phosphate buffer, intrac 
Two patterns of glucose metabolism emerge: one, seen in control a pril 
tissues, or in the presence of insulin; and the second, in the pres- lipoly 
ence of epinephrine and corticotrophin. impor 

(a) In the insulin-stimulated tissue the pattern of glucose The 
metabolism differs from the control only in rate. In these acid f 
tissues, glucose is utilized more rapidly and carbon 1 and carbon there 
6 are incorporated into glycogen at an increased but equal rate; bicart 
however, carbon 1 of glucose is incorporated into CO2 more den-\ 
rapidly than carbon 6. This is most readily explained by the } jvarc 

incor] 
DracraM I to wh 

Proposed path of glucose carbon under hormonal stimulation in 
rat epididymal adipose tissues, incubated in Krebs’ phosphate ure o 
buffer. Straight arrows indicate the path of glucose carbon; It : 
==-=2+3 indicate a limiting or inhibited process. Abbreviations: route: 
G868P, glucose 6-phosphate; 6-GP, 6-phosphogluconic acid; GAP, } rate. 
glyceraldehyde 3-phosphate; DAP, dihydroxyacetone phos- ak 
phate; GP, glycerol 3-phosphate; TG, triglyceride. cae 

or or 
Insulin Golds 

Glycogen et al. 

t effect 

Glucose — G-6-P — 6-PG — CO, (C-1) a 
| Glycerol ati 

GAP ===> DAP — GP TG ¢===> + i 
Fatty Acid acids 
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‘ : hn of tri 
Lactic Acid DPNH Fatty cnshe 
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rapid oxidation and decarboxylation of glucose by the phospho- 
gluconate pathway. Carbon 6 of glucose heavily labels the 


' lactic acid pool and glyceride-fatty acids. Lactic acid is also 


converted to long chain fatty acids under these conditions (Table 
[Il). Table I also shows that insulin slightly increases the 
lactic acid in the medium. This has recently been observed by 
Jungas and Ball (20). The fact that the lactic acid pool size is 
actually increasing during incubation indicates that the slightly 
accelerated oxygen consumption is secondary to an increase in 
intracellular substrate concentration, 1.e. lactic acid, rather than 
a primary stimulation of Krebs’ cycle. Since insulin is not 
lipolytic (Table I), fatty acid and glycerol are not likely to be 
important substrates for oxygen consumption in this case. 

The predominant labeling of glyceride-fatty acids and lactic 
acid from carbon 6, under the influence of insulin, indicates that 
there is failure of equilibration in phosphate buffer, but not in 
bicarbonate buffer (Tables II and V), of the two trioses of Emb- 
den-Meyerhof glycolysis, i.e. glyceraldehyde phosphate and di- 
hydroxyacetone phosphate. The extent to which carbon 6 is 
incorporated into glyceride-glycerol or, conversely, the extent 
to which carbon 1 is converted to glyceride fatty acid, is a meas- 
ure of the equilibration at the triose level. 

It appears that with insulin-stimulated tissue, all the normal 
routes of glucose metabolism are utilized, but at an increased 
rate. Insulin thus exerts its effect at a very early stage of glu- 
cose metabolism, either on the formation of glucose 6-phosphate 
or on glucose transport into cells. The work of Levine and 
Goldstein (24), Randle and Smith (25), Kipnis (26), and Morgan 
et al. (27) on other tissues suggests that insulin is exerting its 
effect on the entry of glucose into the cells. 

(b) Epinephrine and corticotrophin likewise stimulate the up- 
take of glucose, but here the path of glucose carbon is entirely 
different. With these hormones, more COz is derived from 
carbon 6 of glucose than carbon 1, and the synthesis of fatty 
acids from carbon 1 or carbon 6 is markedly curtailed. Carbon 
1 is incorporated almost quantitatively into the glycerol moiety 
of triglyceride, and lactic acid is labeled almost exclusively by 
carbon 6 of glucose. Table I further shows that these two hor- 
mones markedly increase the pool size of, not only lactic acid, 
but also glycerol and fatty acids, as well as stimulate the utiliza- 
tion of oxygen. Table I also shows that the released glycerol 
and fatty acids are not radioactive; therefore, could not have 
been synthesized directly from glucose. The fact that the lactic 
acid pool size has increased suggests that oxygen consumption 
is secondary to the greater availability of substrate, i.e. lactic 
acid. Addition of lactic acid to adipose tissue does increase 
oxygen consumption. However, addition of glycerol was with- 
out effect. Epinephrine and corticotrophin have also been 
shown to increase the oxidation of lactic acid to COs, but at the 
expense of decreased fatty acid and triglyceride synthesis from 
lactate (Table III). Furthermore, since epinephrine and 
ACTH! promote the synthesis of ADP from ATP, i.e. through 
activation and esterification of the liberated fatty acids, and 
since Chance and Hess (28) have indicated that ADP concen- 
tration can be one of the controlling parameters of respiration 
in whole cells, it is possible that the increased availability of 
ADP in these hormone-activated tissues is one of the factors 
responsible for the observed increase in oxygen consumption. 
Measurements of concentrations of intracellular purine nucleo- 
tides will be the subject of another report. 


‘ACTH is adrenocorticotropic hormone. 
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The above facts can best be explained as follows: The well 
established lipolytic effect of epinephrine and ACTH on this 
tissue occurs promptly; large quantities of free fatty acid and 
glycerol are released into the tissue and medium (6), and this 
increased fatty acid concentration in turn promotes an increased 
synthesis of glycerophosphate from dihydroxyacetone phosphate 
to re-esterify the released fatty acids (Tables I and II). (The 
data in Table III show that this tissue can readily esterify exoge- 
nous fatty acids.) Since the reduction of dihydroxyacetone 
phosphate to glycerophosphate requires DPNH, more DPN 
would become available for the oxidation of glyceraldehyde 
3-phosphate to pyruvic acid and acetyl-CoA. Oxygen uptake 
would then be secondary to the increase in available substrates. 

The question of why the phosphogluconate shunt pathway is 
inhibited was not answered. Do long chain fatty acids or epi- 
nephrine or ACTH inhibit one of the shunt enzymes directly? 
The fact that epinephrine and ACTH accelerate the rate of 
oxidation of carbon 6 of glucose to CO: and simultaneously. in- 
crease lactic acid production from glucose indicates that the 
pool size of acetyl-CoA must be increased. This indicates that 
the inhibition of fat synthesis is not secondary to a lack of 
acetyl-CoA, but rather must be a direct inhibition either of the 
production of TPNH or of fatty acid biosynthesis. 

Effect of Phosphate and Bicarbonate Buffers—The fact that 
lactic acid is labeled primarily from carbon 6 of glucose whereas 
glyceride-glycerol is labeled predominantly by carbon 1 of glu- 
cose with these tissues are incubated in phosphate buffer sug- 
gested that triose phosphate isomerase was inhibited (Tables 
I, 11). This failure of equilibration of the triose phosphates is 
observed only in phosphate buffer, for as seen in the data of 
Table V, the ratio of carbon 1:carbon 6 recovered in triglyceride 
is one, both in control and epinephrine-stimulated tissues, when 
the incubations were performed in bicarbonate or Tris buffer. 
Inhibition of triose phosphate isomerase by phosphate ions has 
been reported for the enzyme isolated from calf muscle (18). 
Assay of triose phosphate isomerase in crude adipose tissue 
homogenates revealed that phosphate ion (0.05 m) inhibits the 
enzyme by 80 to 90%. The marked disequilibration between 
carbon 6 and carbon 1 of glucose observed in the intact tissue is 
probably secondary to the demonstrated inhibition of triose 
phosphate isomerase by the high concentration of phosphate 
ion. Shaw and Stadie (29) have observed that the formation 
of lactic acid from glucose is much reduced in rat diaphragm in 
phosphate buffer; however, the addition of bicarbonate ions to 
the buffer restored the glycolytic ability of the tissue. These 
data could be interpreted to mean that phosphate ion also in- 
hibits phosphoglucose isomerase. (This has been reported for 
rabbit muscle phosphoglucose isomerase (19)). However, the 
inhibition of phosphoglucose isomerase by phosphate ions in 
adipose tissue could not explain the disequilibration of carbon 
1 and carbon 6 of glucose in the experiments herein reported. 
Furthermore, in contrast to triose phosphate isomerase, phos- 
phoglucose isomerase in crude extracts of rat adipose tissue is 
not inhibited by phosphate ion (0.05 m).? 

Glycogenolysis and Epinephrine—Fig. 3 indicates that oxygen 
uptake is stimulated by epinephrine in the absence of glucose. 
Since lipolysis also occurs in the absence of glucose, it is likely 
that the increased glucose uptake is secondary to lipolysis. The 
fact that epinephrine and corticotrophin are glycogenolytic as 
well as lipolytic (Table I) indicates that intracellular substrates 


2 Unpublished observations. 
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(z.e. glycogen, fatty acid, and glycerol) are more available in the 
presence of epinephrine, and the initial increase in oxygen uptake 
is secondary to this increased availability of substrates. Thus, 
the action of epinephrine cannot be solely on glucose entry into 
the cell, since its effect on oxygen uptake and lipolysis is present 
in the absence of glucose. Whether this glycogenolytic effect 
of epinephrine in adipose tissue (Table I) is facilitated by the 
activation of phosphorylase or not cannot be stated; however, 
in view of the work of Vaughan (30) it is certainly likely that 
epinephrine has activated phosphorylase. 

Lipolysis versus Glucose Metabolism—Experiments designed 
to dissociate the lipolytic effects of epinephrine from its effects 
on glucose uptake were attempted. The data in Table IV indi- 
cate that this could not be accomplished by varying the concen- 
tration of epinephrine. .(+)-Epinephrine was used in these 
experiments, since the tissue is almost too sensitive to p(—)- 
epinephrine. At a concentration of 5 x 10-7 m L(+)-epineph- 
rine, the effect on glucose uptake and liberation of fatty acid 
and glycerol into the medium are minimal; however, the in- 
creased incorporation of carbon 1 of glucose in glyceride-glycerol 
is already strikingly increased, despite the fact that the phos- 
phogluconate shunt is still operating maximally. These data 
seem to indicate that as the fatty acid concentration within the 
cell increases, it is first rapidly esterified (the glycerol concen- 
tration is rising much faster than the fatty acid concentration) 
and as long as glucose is available, the fatty acid concentration 
remains constant. However, the rate of glycerophosphate syn- 
thesis soon becomes limiting and then a rapid increase in fatty 
acid concentration occurs. Thus, both lipolysis and glyceride- 
glycerol synthesis are exquisitely and equally sensitive to epi- 
nephrine; however, inhibition of the phosphogluconate shunt, 
t.e. carbon 1:carbon 6 ratio, is less sensitive than the above two 
effects. Whether these three effects of epinephrine are three 
distinct and different effects of the hormone, or whether two of 
the effects are secondary to one primary effect is not answered 
by these data. 

Winegrad et al. (31) have reported that carbon 6 of glucose is 
preferentially oxidized to CO2 by adipose tissue in phosphate 
buffer when stimulated by crude preparations of growth hor- 
mones. They have postulated that stimulation of the uronic 
acid pathway (31) could account for their results. However, 
they did not measure the lactic acid or fatty acid pools in their 
incubations, nor did they report any experiments in bicarbonate 
buffer. If lactic acid is preferentially labeled from carbon 6 
under their condition, as it is in the presence of corticotrophin 
and epinephrine, then the oxidation of the labeled lactic acid by 
way of the Krebs’ cycle would explain their results. Since re- 
covery of the isotopic carbon of glucose in the studies herein 
reported was 90 to 100% (Table II), and since carbon 6 of glu- 
cose was recovered in either lactic acid, fatty acids, or CO2, and 
since the lactic acid in all cases was as radioactive as the COs, 
the maximum amount of glucose involved in the uronic acid 
pathway, under all conditions herein reported, could not be over 
10% of the glucose used. 

The evidence in this report supports the contention that epi- 
nephrine and corticotrophin activate a tissue lipase, i.e. fatty 
acids and glycerol are the products of this effect; these products 
do not originate directly from medium glucose; and further, this 
lipolytic effect is completely independent of carbohydrate me- 
tabolism or respiration. Studies on the mechanism of this 
activation are currently being done. Studies on a purified adi- 
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pose tissue lipase have failed to show any activation by epineph- 
rine (33). 


SUMMARY 


The pathway of carbon with the use of differentially labeled 
glucose has been followed in rat epididymal adipose tissue, both 
in control tissues and in tissues which have been stimulated to 
utilize more glucose by agents such as insulin, epinephrine and 
adrenocorticotrophin. Two distinct patterns of glucose utiliza- 
tion emerged. In tissues obtained from control animals, as well 
as in tissues stimulated by insulin, carbon 1 of glucose appeared 
primarily in CO». Carbon 6 appeared primarily in glyceride- 
fatty acid and in lactic acid. In the stimulation of glucose 
utilization produced by epinephrine and adrenocorticotrophin, 
carbon 1 of glucose appeared primarily in glyceride-glycero] 
whereas carbon 6 was preferentially converted to COz and lactic 


acid. The latter two hormones also caused an outpouring of | 


fatty acids and glycerol into the medium. This lipolytic effect 
of epinephrine and corticotrophin was shown to be independent 
of substrate, oxygen, or active glycolysis. Epinephrine and 
corticotrophin stimulate the utilization of oxygen by this tissue, 
as well as an increase in the concentration of lactic acid. The 
unequal distribution of isotope from differentially labeled glucose 
in lactic acid and glyceride-glycerol are interpreted to mean that 
triose phosphate isomerase activity is rate limiting. This en- 
zyme is rate limiting, however, only in the presence of a high 
concentration of phosphate ions. 
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Previous results from this laboratory (1) indicated that some 
enzymes, whose substrates are water-insoluble, are appreciably 
active only in the presence of microsomes or other surfaces. 
The enzymes, however, are water-soluble. It was demonstrated 
that microsomes tenaciously adsorb not only the substrates, 
but the enzymes as well, and further, that substances which 
interfered with this adsorptive phenomena, by being adsorbed 
to the microsomes themselves, such as Amphenone B, proteins, 
or detergents, interfered markedly with this catalytic role of 
microsomes. In an effort to study further the possible role of 
biologic surfaces in catalytic phenomena, adipose tissue lipase 
was chosen as a model. Previous reports (2, 3) have indicated 
that this enzyme is plentiful, stable, hydrolyzes both water- 
soluble and water-insoluble substrates, and has the possibly in- 
teresting property of requiring a surface active polysaccharide, 
heparin, for activation (4). The purification of this enzyme and 
some of its properties, especially those relating to its substrate 
specificity under various environmental conditions, are reported 
here. Wills (5) has recently reported a similar purification of 
pancreatic lipase. 


EXPERIMENTAL PROCEDURE 


Preparation of Enzyme 


Step I—Ten pounds of pork mesenteric adipose tissue were 
homogenized with 1500 ml of cold 0.05 m NH,C1 buffer, pH 8 
(containing 10-* m Versene) in a large size Waring Blendor for 
1 minute. The fragmented tissue was then pressed through 
cheese cloth and the liquid obtained centrifuged at 12,000 x 
g for 15 minutes. 

Step II—The fat was scooped off the top of the centrifuge 
tube and the clear supernatant fluid brought to 60% saturation 
with (NH,).S0O,. This solution was allowed to sit at 5° for 
30 hours and then centrifuged at 15,000 x g for 20 minutes. 

Step I1I—The precipitate was dissolved in a minimal amount 
of the same NH,Cl buffer (150 ml) and the pH adjusted to 4.2 
by slow addition of 0.5 m acetic acid, with the use of a glass 
electrode. This solution was kept at 5° for 1 hour and then 
centrifuged. 

Step IV—The precipitate was dissolved in 20 ml of water 
and placed directly on a 100-g diethylaminoethy] cellulose col- 
umn (2 cm in diameter). Elution of the column with 30 ml 
of 0.005 m phosphate buffer, pH 6.8, removed the nucleic acids, 


* This investigation was supported by Research Grant RG-4758 
(C) from the National Institutes of Health, United States Public 
Health Service, and in part by the Center for the Study of Ageing 
of Duke University, Public Health Service Grants M-2109 and 
H-3582. 
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and elution with 50 ml of 0.2 m phosphate, pH 7.4, removed 
the protein. 

Step V—The protein eluate from the column was dialyzed 
at 5° against 3 liters of distilled water containing 0.0001 u 
Versene for 24 hours. It was then autolyzed at 15° for 4 hours 
in the presence of 1 mg of trypsin and 0.5 mg of chymotrypsin. 
This solution was then redialyzed and finally dried by lyophili- 
zation. 

Step VI—This dry powder was dissolved in 0.06 m phosphate 
buffer (5 ml) and subjected to column electrophoresis for 96 
hours. The column was made of glass with a diameter of 2.5 


em and was filled with Geon (Goodrich, resin 427) to a height ! 


of 24 inches. The column was connected through an inverted 
U-tube at the top of the column to two 3-liter reservoirs of 
0.06 m phosphate buffer, pH 6.8. These reservoirs were both 
placed on the floor. The bottom of the column was immersed 
in one reservoir and the end of the connecting U-tube in the 
other reservoir. All air was removed, before applying the cur- 
rent, by filling the entire system with the phosphate buffer. 
A current of 20 ma (200 volts) was applied by placing plati- 
num electrodes in the two reservoirs. The buffer reservoirs 
were replenished with fresh buffer every 24 hours. Tempera- 
ture was kept below 10° at all times by circulating water at 
5° continuously about the column. After electrophoresis, the 
separated proteins were eluted in 4-ml aliquots, with 0.06 m phos- 
phate, pH 6.8 (Fig. 1). The enzymatically active protein peak 
was then subjected to electrophoresis again for the final prep. 
aration. It was not further separable by electrophoresis at dif- 
ferent pH’s or ionic strengths and, as shown in Table I, had 
been purified over 900-fold. 


Enzyme Assays 


1. The glycerol assay of Korn (6) was the procedure of choice. 
This was done in 3 ml of 0.05 m phosphate, pH 7.0, with 0.5 
pmole of dibutyrin as substrate. The substrate was added in 
0.01 ml of alcohol. Incubation was performed at 37° for 30 
minutes. One unit of enzyme equals that amount of protein 
which will hydrolyze 0.1 umole of glycerol in 30 minutes. 

2. Naphthol assay: the procedure of Nachlas and Blackbur 
(7), with the use of various naphthol esters as substrate, was 
used. Initial rates were linear with enzyme concentration and 
substrate concentration. 

3. Acid production: this was followed manometrically with 
the use of bicarbonate buffer, or colorimetrically, with the in- 
dicator method of Beaudreau and Becker (8). 

4. Exchange reaction: (a) Borgstrém and Carlson (9), using 
serum and radioactive fatty acids, have shown an appreciable 
exchange of labeled fatty acids with neutral fat of serum. (The 
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enzyme herein reported is also capable of rapidly exchanging 
labeled long chain fatty acids with mono-, di-, and tributyrins 
_ in buffer.) The fatty acids and neutral fats were quantitatively 
_ separated by means of the alcohol-heptane extraction procedure 
| of Borgstrém (10). (6) Formation of hydroxamic acid was as- 





' sayed in neutral 0.5 m hydroxylamine, with the colorimetric 


procedure of Lipmann and Tuttle (11). 

Materials—All the radioactive fatty acids were obtained from 
Nuclear-Chicago Corporation. Glycerol-1-C“ was obtained 
from Volk Radiochemicals; the glycerides of butyric acid from 
Eastman; Tween 30 and Tween 20 from Atlas Powder Company, 
Wilmington, Delaware; the other triglycerides from California 
Foundation for Biochemical Research; and the naphthol esters 
from Dajac Laboratories, Philadelphia, Pennsylvania. The sol- 
vents were all commercially obtained, reagent grade material, 
and were glass distilled before use. Geon (polyvinyl), Lot 176 
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Fic. 1. Purification of enzyme by column electrophoresis, with 
the use of Geon (resin 427); 40 mg of protein obtained from Step 4 
of the preparative procedure (Table I), in 5 ml, were placed on a 
water-jacketed upright glass column (diameter 2.5 cm), connected 
through a U-tube at the top of the column to two 3-liter reservoirs 
of phosphate buffer, 0.05 m, pH 6.8, and electrophoresed for 96 
hours at a current of 20 ma (200 volts). Fresh buffer was added 
to the reservoir every 24 hours. The U-tube was then discon- 
nected and the column eluted with fresh buffer, collecting 4-ml 
aliquots. Protein was assayed optically, by the method of War- 
burg and Christian, and lipase activity by the glycerol procedure 
(see ‘‘Experimental’’). All the protein was recovered in the first 
200 ml of eluate. 


TABLE I 
Procedure for partial purification of adipose tissue lipase 


Unit of enzyme: amount of enzyme which will hydrolyze 0.1 
umole of dibutyrin in 30 minutes in the presence of 1.0 umole of 
dibutyrin. 








Preparation Volume | Protein Specie Recovery 

ml mg units/mg % 

I. Homogenate............. 540 3200 0.41 |} 100 
II. 0 to 60% ammonium sul- 

Re Daan © Sieber e ae e a 60 910 2.6 70 

III. pH 4.2 precipitation......} 30 370 12.1 38 

IV. DEAE column........... 30 310 22.4 32 
V. Trypsin and chymotryp- 

kg EEE Poe 30 175 41 27 

VI. Electrophoresis (Geon)... 12 17 380 21 
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(427 resin) was obtained from B. F. Goodrich Chemical Com- 
pany, Avon Lake, Ohio. 


RESULTS 


Substrate Specificity of HEnzyme—Table II indicates that 
adipose tissue lipase hydrolyzes in buffer solution the glycerol 
esters of most fatty acids, except acetic acid esters and oleic 
acid esters, as well as esters of dicarboxylic acids such as oxalic 
and malonic. Small esters such as ethyl formate or ethyl ace- 
tate are hydrolyzed very slowly. Butyric acid esters are hy- 
drolyzed most rapidly. Table II also shows that all the ester 
bonds of tributyrin are readily and completely hydrolyzed. The 
rate of hydrolysis of equivalent amounts of esters, whether 
mono-, di-, or triglyceride, are very similar, indicating that all 
three ester bonds of glycerol are readily susceptible to the en- 
zyme. Since equal susceptibility of the three ester bonds of 
glycerides to hydrolysis was present throughout the various 
purification stages, it is likely that only one enzyme is involved. 

Fig. 2 indicates relative ability of the enzyme to form hy- 
droxamic acids and to exchange radioactive fatty acids of vary- 
ing chain length with glycerides. For hydroxamic formation, 
the peak of activity is at butyric acid. Also, the enzyme will 
readily synthesize the hydroxamic acid of linoleic acid. When 
incubated in aqueous medium almost no hydroxamate is formed 
when acetic, palmitic, or stearic acid is the substrate. How- 
ever, the enzyme will form hydroxamates from palmitic and 
stearic acid, but not acetic acid, when incubated in 50% pro- 
pylene glycol and water. 

The exchange of fatty acids with dibutyrin occurs maximally 


TaBLeE IT 
Specificity of enzyme 

The incubations were performed in 0.05 m phosphate buffer 
(pH 7.0) at 37°. All substrates were added in 0.01 ml of ethanol, 
and each tube contained 2.0 ug of purified enzyme. Glycerol as- 
says were performed as in text and acid formation was measured 
colorimetrically, as in text. All the glycerides of butyric acid 
were completely hydrolyzed by 45 minutes. 














Relative rates of hydrolysis 
Substrate Amount Glycerol formed 
formation 
10 min 20 min 
pmoles pmole pmole = |wmoles/20 min 
Monobutyrin........... 0.3 0.14 0.26 0.24 
TE 6s od ceases 0.3 0.14 0.3 0.34 
THIBUGGTAD,. 6 5.05-0.20- 00 0.3 0.11 0.20 0.36 
pS Ee 0.1 0.00 
Monostearin..........-. 0.2 0.04 
Tripaimem. ...0.5.02..5% 0.1 0.04 
Tees. PE 0.1 0.00 
Trimgristan: .. 3..5.2 0230 0.2 0.05 
TeeEGaR 5 cs os Sa 0.2 0.08 
TRO 65 BO a 0.3 0.00 
Ethyl acetoacetate......| 10 0.9 
Ethyl oxalate........... 10 1.3 
Ethyl malonate.........| 10 1.9 
po ree rare 10 4.1 
Ethyl formate.......... 10 0.2 
Ethyl acetate.......... 10 0.3 
Diglycol stearate....... 10 0.0 
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CHAIN LENGTH OF FATTY ACIDS 


Fig. 2. Formation of hydroxamic acid and exchange of fatty 
acid by the enzyme as a function of the chain length and saturation 
of the fatty acid. The formation by the enzyme of hydroxamic 
acid was performed as described by Lipmann and Tuttle (11). 
Enzyme 3.0 ug, was incubated with 1.0 umole of each of the fatty 
acids in 0.5 m neutral hydroxylamine (2 ml) for 1 hour at 37°. The 
fatty acids were added in 0.02 ml of ethanol. Small amounts (0.1 
pmole) of hydroxamic acid could be formed under these conditions 
from myristic and palmitic acid if incubated in 50% by volume of 
propylene glycol. 

In the exchange reaction assay each tube contained 5 yg of each 
of the C'4-labeled fatty acids, 1.0 umoles of dibutyrin, and 2.0 ug 
of the enzyme in 1.0 ml of phosphate buffer, 0.05 m, pH 7.0. In- 
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Fig. 3. Lipase activity as a function of alcohol concentration. 
Each incubation contained 0.3 wmoles of tributyrin and 2.0 ug of 
enzyme in 1 ml of phosphate buffer (pH 7.0, 0.05 m), containing in- 
creasing concentration of ethanol and methanol. Each flask was 
incubated for 20 minutes at 37°, then assayed for glycerol (see 
text). Acetone was like ethanol, in that increasing concentrations 
progressively inhibited the enzyme. Propylene glycol exhibited 
a diphasic curve similar to methanol. 
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with the long chain fatty acids, especially the unsaturated ones 
such as linoleic and linolenic. The rate of exchange with stearic 
acid is much slower than with palmitic or linoleic acids (Fig. 
2). This may reflect the greater water insolubility of the stearic 
acid. No exchange of radioactive glycerol with dibutyrin could 
be obtained. 

Since the biological substrates for lipases are highly water- 
insoluble, and since it is difficult to know what role emulsi- 
fication plays in enzyme specificity, the following studies were 
done in an effort to demonstrate that the specificity of the 
enzyme may depend in large measure on its environment. 
Fig. 3 indicates that the enzyme is active in high concentrations 
of methanol and that as the methanol concentration is increased, 


cubations were carried out with shaking at 37° for 20 minutes. 
The long chain fatty acids were separated from the triglyceride by 
the procedure of Borgstrém (10) and blanks (without enzyme) were 
run in each case as a check on the quantitative separation of the 
procedure. The short chain fatty acids were separated by parti- 
tioning the incubation mixture between ether and 0.05 m KOH. 
Appropriate controls proved the quantitative nature of the pro- 
cedure. Aliquots of each fraction were counted, after drying, on 
a gas flow counter, and the exchange expressed as the percentage 
of isotope present in the triglyceride fraction at the end of 2 
minutes. Thesymbol © represents the per cent exchange and ® 
the hydroxamate formation, with linoleic acid as the substrate 
under the above conditions. 


the activity of the enzyme also increases. Propylene glycol 
and glycerol give similar activity curves; however, ethanol and 
acetone progressively inhibit the enzyme with increasing con- 
centration. Table III indicates that the specificity of the 
enzyme for various naphthol esters of fatty acids could be mark- 
edly changed (as much as 10-fold) by changing the environ- 
ment in which the catalysis was performed. The enzyme hy- 
drolyzes naphthol laurate very slowly in aqueous medium; how- 
ever, when the dielectric constant of the medium is lowered 
with such alcohols as methanol or propylene glycol the rate 
of hydrolysis of naphthol laurate is strikingly increased and, 
conversely, the rate of hydrolysis of naphthol acetate is de- 
creased. Addition of detergents, such as taurocholic acid or 
Tween, increases the rate of hydrolysis of the more nonpolar 
esters, but has no effect on naphthol acetate. Addition of bio- 
logical surfaces, such as liver microsomes, also markedly in- 
crease the rate of hydrolysis of the more water-insoluble esters, 
while decreasing the rate of hydrolysis of the more soluble esters. 
Addition of propylene glycol to the microsome suspension fur- 
ther increases the rate of hydrolysis of naphthol laurate. That 
the microsomes were not specific for this activation was indi- 
cated by the fact that the addition of the insoluble debris, ob- 
tained by lowering the pH of adipose tissue supernatant fluid 
during the purification procedure, was even more effective than 
microsomes in increasing the activity of the enzyme for the 
water-insoluble esters. In all these studies, the small amounts 
of the naphthol esters added were visibly in solution. 


Other Properties of Enzyme 
pH Optimum—Fig. 4 indicates that the enzyme has two peaks 
of activity for the exchange reaction, one at pH 7 and one 
at pH 4.5. The enzyme is more active in phosphate buffer 
than acetate buffer; however, Tris, histidine, glycyl glycine, and 
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pyridine buffers are all as active as phosphate buffer. At pH’s T T T T T T T T 
more alkaline than 9, there is a rapid nonenzymatic hydroly- 25 A a 
sis of the glycerides of butyric acid, and activity measurements BN FA 
of the enzyme at these pH’s are spurious. Studies on the ex- 6 20 : ‘ /3 
| change reaction at pH’s above 9 were not done. z2 PHOSPHATE / ; i 
|  Inhibitors—The only effective inhibitors of the enzyme are ze 1S BUFFER 4 \ J, “ 
p-chloromercuribenzoate, diisopropylfluorophosphate, _ fatty Fat 3 mA ' 1 
acids, especially those of intermediate chain length, and iodo- , in v 1 
acetate, 10-* m. Noninhibitors include iodoacetate (10-* m); TT BUFFER 
flouride; dinitrofluorobenzene; metal-binding agents, such as a B. 
Versene, pyrophosphate, and cyanide; heavy metals such as , ; F : F ; : : 
calcium or barium; glycerol, or hydrolytic enzymes, 7.e. trypsin, 2 SG TB Bag gy or. 5D 
' chymotrypsin, ribonuclease, or hyaluronidase. pH 
Content—The purest preparation of the enzyme gives the ultra- Fig. 4. Activity of the enzyme as a function of pH. The buff- 
violet spectra of a typical protein with a 280:260 ratio of 1.41. ers used were 0.05 m sodium phosphate and 0.05 m sodium acetate. 
It contains no peaks of absorption from 300 to 600 mu. Since Each incubation contained 2 yg of 1-C'-palmitic acid, 1 ml of 
. shel Mand, Retinal wits ti neither tit ediaums buffer, 0.5 umole of dibutyrin, and 2ug of enzyme. The palmitic 
nutes. | Korn (4) rape Pp y ‘ Pp acid and the dibutyrin were added in 0.01 ml of ethanol. Incuba- 
ideby tissue lipase, 30 mg of enzyme were hydrolyzed with 1 M HCl at tion was carried out at 37° with shaking for 30 minutes. The in- 
) were | 95° for 1 hour and assayed for carbohydrate by the anthrone cubation mixture was then poured into 50% alcoholic KOH and 
of the and carbazole reactions (13). No carbohydrate was detectable triglyceride separated from the fatty acid. Per cent exchange 
parti- was then determined, as in text. Assays were also performed at 
KOH. these pH’s for the amount of glycerol released from the dibutyrin, 
le pro- Tasue IIT and similar activity curves were obtained. The latter data are 
_ 2 Hydrolysis of pose a ane as function pret mc but the same activity curve was obtained as in the 
} of type of environmen exchange assay. 
bo 3 Incubations were done in 4 ml of 0.05 m phosphate buffer, pH 
sstrate | 7.0; each flask contained 5 wmoles of the various esters (added by these procedures. Ether extraction at pH 4 of the enzyme 
with shaking in 0.05 ml of ethanol) and 1.0 mg of enzyme, except _ failed to yield any ether-soluble material. 
where indicated. Incubation was performed at room temperature Effect of Heparin—With tributyrin, tricaprylin, tripalmitin, 
glycol for 20 minutes. Dye was then added, and reading was obtained monopalmitin, or various naphthol esters of fatty acids as sub- 
ob aan at intervals for 5 minutes. The rate of color formation was linear strates, with and without albumin and calcium, no increase in 
at naphthol concentrations of less than 2 ymoles per ml. Free ae . “ti 
ce naphthol was measured at end of 15 minutes (see text). Liver activity of the enzyme could be obtained by the addition of 
of the microsomes were prepared in 0.25 m sucrose (18), and washed heparin, = amounts of 1 HE to 10 mg per ml, in aqueous or meth- 
-mark- | once with 0.5 m NaCl. The particles were suspended in water Nolic solutions. Heparin does not inhibit the enzyme except 
aviron- | with shaking and diluted sufficiently, so that 0.2 cc of the emul- in very high concentrations (50% inhibition at a concentration 
me hy- | sion gave an optical density of 1.0 when diluted to 3 ml, read at of heparin of 5 mg per ml). Nor would heparin increase the 
1; how- | 340 mp in cuvettes of 1 cm light path. The insoluble debris, ob- rate of hydrolysis of “serum-activated” coconut oil emulsions, 
owered | tained during purification of the enzyme at the pH precipitation as described by Korn and Quigley (2), by this purified adipose 
re rate | step, was the precipitate which would not redissolve in buffer.  tiggye lipase. 
d and, It was homogenized briefly in a glass homogenizer and resus- 
a pended in water and diluted to give an emulsion of the same DISCUSSION 
acid or 7 ey 6 ee ee The problem of how a water-soluble enzyme attacks water- 
onpolar Hydrolysis insoluble substrates has been a plague on those enzymologists 
of bio- Additions concerned with the metabolism of water-insoluble substrates. 
dly in- Napbesol | Nepbimal | Ngphtno! ‘The problem has resolved into some compromise of emulsifica- 
esters, tion, and the number of emulsifying agents used has depended 
» esters. pmoles/15 min on the success of the trial and error approach. Many reports 
ion fur- ) 9 1.56 0.14 0.07 indicating that intracellular particles (1, 13, 14) such as micro- 
_ That pe apn ore vip 1.25 0.32 somes and mitochondria are necessary for the catalytic action 
as indi- 50% =e ei ee sialig ol Fie * oo of many enzymes and enzyme systems have appeared. Also, 
ris, ob- ote tciaiattha & : : the role of serum proteins in the binding or transport or emulsifi- 
nt fluid Taurocholic acid, 5 mg/ml 1.6 0.73 0.16 cation of water-insoluble substances, such as fatty acids (15), 
ve than | Tween 80, 0.1% 1.45 1.2 0.2 steroids (16), and heavy metals, has been elucidated by many 
for the | Washed liver microsomes, 0.2| 0.4 0.1 0.08 workers. Korn and Quigley (3) have shown the necessity of 
ymounts ml without lipase protein and serum lipids in the “activation” of adipose tissue 
Liver microsomes with lipase 0.9 1.0 0.33 lipase from several sources. The data herein reported indicate 
— ——— — pro-| 1.1 1.1 1.4 clearly that as the dielectric constant of the media is decreased, 
pylene glycol with lipase oat 
Insoluble pH 4.2 precipitate, 0.2 0.15 0.23 0.3 = eae hon yore a aye ot cas ta iN a 
ro peaks ad witheet Meese water-insoluble su strates. though solu ity of the more in- 
and om | Insoluble oll G2 pellets 0.8 1.0 1.25 soluble substrates is increased under conditions of decreasing 
e buffer with lipase polarity of medium, it is unlikely that the greater solubility of 
ine, and the substrate is the only factor in increasing the activity of the 
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enzyme. For, as measured by light scattering, the substrates 
used in these experiments (Figs. 2 to 4) were “in solution” dur- 
ing the assay. This was accomplished by adding to the buffer 
only very small quantities of the essentially water-insoluble sub- 
strates in alcohol. These studies were possible with adipose 
tissue lipase, since the enzyme was soluble and not denatured by 
high concentrations of methanol. It was shown that detergents 
could greatly facilitate the action of the enzyme toward water- 
insoluble substrates, and finally the fact that cellular particles or 
cellular debris (denatured protein and nucleic acid complexes) 
completely reverse the specificity of the esterase, allowing it to 
hydrolyze the water-insoluble esters at a rate faster than the 
water-soluble ones, indicates that this enzyme could be the lipase 
which hydrolyzes triglycerides within cells, and that it could 
accomplish this by using cellular surfaces as a co-catalyst. 

The question of whether a given enzyme may be an “esterase” 
or a true lipase has been widely discussed. This report implies 
that perhaps much of the difference between an esterase and a 
lipase lies in the medium in which the assay was performed. 
Korn (4) has shown the effects of ionic strength and the effect 
of emulsification of the substrate on lipase. Nachlas and Black- 
burn (7) have used the detergent, taurocholic acid, as a means of 
differentiating between enzymes which hydrolyze preferentially 
insoluble esters and those which hydrolyze soluble esters. How- 
ever, since the enzyme preparation used in their studies con- 
tained much extraneous protein and other material, it is difficult 
to know what effects varying degrees of emulsification of the 
impure enzyme may play in substrate specificity of these en- 
zymes. Data presented in this report would indicate that the 
substrate specificity of adipose tissue lipase is more dependent on 
environment than on the mechanics of the enzyme itself. The 
term, substrate specificity, as used here could perhaps be im- 
proved. Secondary enzyme specificity may be a better term, for 
the enzyme remains a hydrolase basically, but the type of ester 
which it can attack depends on the geometric state and solubility 
of the substrate as well as the steric state of the enzyme, and 
since both can probably be varied independently, the net result 
becomes a kinetic problem. Westhead and Malmstrom (17) 
have observed that both K,, and maximal velocity of enolase 
are decreased when solvents other than water are used in the 
reaction. The decreases in K,» and maximal velocity bore no 
relation to the bulk dielectric constant, and were interpreted to 
mean that a displacement of water from the reaction site had 
occurred. Kinetic studies, similar to those of Westhead and 
Malmstrom, will be the subject of another report. 

The problem of whether this enzyme is the same as lipoprotein 
lipase, as described by Korn and Quigley (3), remains. The 
enzyme will slowly hydrolyze coconut oil emulsions, and the rate 
can be slightly increased by preincubation of the coconut oil 
with serum. However, these rates are quite small (345) com- 
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pared to the rate of hydrolysis of glycerides of butyric acid. It 
is possible, however, that the isolated lipase is the same as lipo- 
protein lipase, and that the role of lipoprotein and heparin on 
the activity of the unpurified lipoprotein lipase is that of an 
emulsifying agent, both for the substrate as well as the enzyme, 

The reports of White and Engel (19) and Lynn e¢ al. (20), 
have implied that adipose tissue lipase can be activated by epi- 
nephrine and corticotropin. However, no effect of these two 
hormones has been observed on the purified adipose tissue lipase 
herein reported. 


SUMMARY 


Purification of a pig adipose tissue lipase is reported. The 
enzyme hydrolyzes most glycerides, except the glycerides of ace- 
tate and oleate. All three ester bonds of glycerides are readily 
attacked by the enzyme. Studies on the substrate specificity of 
the enzyme under conditions of varying dielectric constant and 
in the presence of various detergents and surfaces are reported. 
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It is well known that phospholipase (lecithinase) A can act on 
naturally occurring lecithins with the release of one mole of fatty 
acid and one mole of lysolecithin. In lecithins from many dif- 
ferent sources, only unsaturated fatty acids are released by this 
enzymatic action, and the resulting lysolecithins contain pre- 
dominantly saturated fatty acids. Obviously, knowledge of the 
site of attack of this enzyme on lecithin would give evidence as 
to the distribution of unsaturated and saturated fatty acids on 
this phosphoglyceride. Conversely, establishment of this dis- 
tribution by some other means should yield information as to the 
site of attack of phospholipase A. 

Several years ago, in this laboratory (1), a proof of the site of 
attack by this enzyme was sought through examination of the 
products of permanganate oxidation of lysolecithins. This pro- 
cedure yielded phosphoglyceric acids in good yield, whereas an 
acid or enzymatically isomerized lysolecithin on oxidation yielded 
by way of dihydroxyacetone, methyl glyoxal (2). Basically, 
these results were confirmed by Long and Penney (3) and Gray 
(4). Hence, it was concluded that phospholipase A attacks the 
a'(C-1)-ester bond of lecithin. Recently, however, this proposal 
was criticized by Marinetti et al. (5), who concluded from their 
studies that this enzyme attacks indiscriminately either at the a’ 
or B-ester positions. Although the conditions used by the latter 
investigators were not similar to those originally reported, a 
reinvestigation of this problem seemed necessary. The follow- 
ing topics formed the basis of the present experimental approach: 
(a) a study of the fatty acids released by phospholipase A action 
on native and fully hydrogenated egg lecithin; (6) the mode of 
attack by phospholipase A on “synthetic” lecithins prepared 
from lysolecithins; (c) an investigation of the position of the 
fatty acids on diglycerides (derived from lecithins) through use 
of pancreatic lipase; and finally, (d) as an adjunct to these studies 
and in view of the probably close metabolical relationship be- 
tween phospholipids and triglycerides, a study of the positions 
of the different fatty acids on beef and rat liver triglycerides 
through use of pancreatic lipase. 


EXPERIMENTAL PROCEDURE 
Materials 
Lecithins—The lecithins of chicken egg were prepared ac- 
cording to previously described procedures (1,6). Analytical data 


* This investigation was aided by grants from the National 
Institutes of Health (RG-5519), Life Insurance Medical Research 
Fund and the American Cancer Society. A part of the material 
presented here was taken from the Ph.D. thesis of Edward J. 
Barron (University of Washington, 1959). 


for this material were as follows: P, 3.58%; N:P, molar ratio 
1.02; choline:P, molar ratio, 0.99; fatty acids:P, molar ratio 
2.03; [a]? + 6.7°. The fatty acid composition is shown in 
Table I. 

A sample of this preparation in 95% ethanol was hydrogenated 
quantitatively over PtOz (previously reduced) at atmospheric 
pressure and at 25°. Within 3 hours the uptake of hydrogen 
was complete and the product isolated by filtration and cen- 
trifugation of the warmed (40°) reaction mixture. The analysis 
of the white amorphous material was as expected and showed 
no iodine uptake. 

The lecithins of cow plasma were obtained by silicic acid 
chromatography of plasma-mixed phospholipids (6). Analytical 
data were as follows: P, 3.74; N:P, molar ratio, 0.97; choline: P, 
molar ratio, 0.97; fatty acids:P, molar ratio, 1.98; [a]® +5.7°. 
The fatty acid composition is shown in Table II as the analysis 
of the derived diglyceride. 

Enzymes—Snake venom! (Crotalus adamanteus) was used as the 
source of phospholipase A, and Clostridium perfringens Type A 
toxin* (preservative added; 300 minimal lethal doses per ml) for 
phospholipase D. The lipase used in these experiments was 


obtained in a partially purified form by chromatography of dog 
pancreatic juice (7). 


Methods 


The analytical procedures for phosphorus, nitrogen, choline, 
total fatty acids, and others are described in a previous publica- 
tion (8). The assay for the individual fatty acids was accom- 
plished by gas liquid chromatography of their methyl esters. 
These esters were prepared either by diazomethane treatment of 
the free fatty acids or by transesterification of the intact lipid 
with anhydrous methanolic HCl (9). Subsequently, these com- 
pounds in hexane were chromatographed on a 4-foot column of 
succinate-ethylene glycol polymer (prepared in this laboratory 
by Dr. J. N. A. Ridyard), 5% on Celite (Johns-Mansville, 80 to 
100 mesh), with a Pye Argon chromatograph (Cambridge, Eng- 
land) for the detector unit. The temperature was maintained 
at 150° with a flow rate of 30 ml per minute. As an index of 
“efficiency” of the column, stearci and oleic acids could be 
separated cleanly (separation factor, 1.2) in 10 minutes. 


1 Obtained from Ross Allen Reptile Institute, Silver Springs, 
Florida. 

2 This material was generously supplied by Lederle Labora- 
tories, Pearl River, New York. 
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TaBLe I 
Fatty acid composition of products of lipase action on diglyceride 
derived from egg lecithin 
See text and Fig. 1 for details. 




















Pm Speci distribution 
Fraction* Saturates Unsaturates 
Satu- | Unsatu 
rates | rates t : yt Gel 
Cw} Cx} cit leis Cig) Ses 
mole % mole % mole % 
ree 48 51 | 32 16 1 30|17)| 3 
Diglyceride......... 49 50 | 33 |16 1 30|16| 3 
Fatty acid (a)...... 97 3 | 71 |26 | trace} 3 
Fatty acid (b)...... 97 3 | 71 |26 | trace} 3 
Fatty acid (c)..... 97 3 | 68 |29 | trace| 3 
Monoglyceride (a)..} 1 99 1/| 0.5) 0.5 | 70 | 26} 2 
Monoglyceride (b)..| 2 98 1/|1 | trace] 67 | 29) 2 
Monoglyceride (c)..| 4 96 2/2 | 0.5 | 72| 20) 4 





























* The reaction mixture was analyzed at the following times: 
(a) 5 minutes, (b) 15 minutes, (c) 30 minutes. 

ft In all tables, the primes refer to the number of double bonds 
present (i.e. Cis would be oleic acid, etc.). 


TaBLe II 
Fatty acid composition of products of lipase action on diglyceride 
derived from cow plasma lecithin 
See text for details. 














Pa ell Specific distribution 
Fraction 2 8 Saturates Unsaturates 
5 z Gol Gel ©) ie leew le’ 
mole % mole % mole % 
Diglyceride, 
original........| 48 | 52 | 19 | 29) 1 | 16| 23] 1] 4 7 
Fatty acid, lib- 
erated......... 81} 19 | 29| 52) 2)12) 5 
Monoglyceride...| 12 | 88 | 2] 10 23 | 44/11] 7 | 18 
Diglyceride, re- 
covered........ 46 | 54/ 18 | 28 | tr.| 16) 26; 1 | 4 7 



































Phospholipase A Action on Native and Hydrogenated 
Egg Lecithin 

This procedure was essentially the same as that described 
previously (10) except that the snake venom was dissolved in 
pH 7.4, 0.1 m Tris buffer. Inasmuch as the enzyme reaction 
proceeded rapidly without added calcium, no “extra” calcium 
was included in this system. The lysolecithins could be ob- 
tained, in 90 to 95% yields, free of lecithin by precipitation from 
absolute ethanol-diethyl ether at —25° or by chromatography 
on silicic acid. In the latter procedure, the entire reaction mix- 
ture above (freed of protein) can be chromatographed on silicic 
acid with chloroform-methanol 9:1 for elution of the free fatty 


* However, when Ca** was added to an occasional sluggish re- 
action, a definite increase in rate of reaction was noted. No dif- 
ferences were noted in the chemical properties of the products of 
a slow or fast reaction. 
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acids, chloroform-methanol 1:1 for removal of lecithin, and 
chloroform-methanol 1:9 for removal of lysolecithin. In either 
of the purification procedures, the product had the same composi- 
tion. Although in general no migration of the acyl residues of 
lysolecithin by silicic acid was noted, all optical rotation values 
reported here were obtained from material isolated by low 
temperature precipitation. The lysolecithin (from egg lecithin) 
yielded the following analytical data: P, 5.53; N:P, molar ratio, 
1.01; fatty acid:P, molar ratio, 1.03; [a] —2.80° (C, 10 in 
chloroform-methanol 10:1); iodine number, 3. The lysolecithin 
contained 65% palmitic acid, 33% stearic acid, and 1% oleic 
acid. When the hydrogenated egg lecithin was subjected to 
phospholipase A attack, it was first necessary to dissolve the 
lecithin, with slight warming, in 95% ethanol and then dilute 
with ether until the ethanol concentration was 5%. 
tion was conducted as described previously and the products of 
the reaction obtained in 97% yield by silicic acid chroma- 
tography. 


Preparation and Enzymatic Degradation of 
“Synthetic” Lecithins 


Cadmium Chloride Addition Complex of Lysolecithin—In es- 
sence, the technique of Baer and Kates (11) for preparation of 
the cadmium chloride complex of glycerylphosphorylcholine was 
followed. First, 2.9 g of CdCl,-2.5 H.O were dissolved in 2 ml 
of water, then, 32 ml of 99% ethanol added, and this solution 
mixed with 2.0 g of lysolecithin (containing 65% palmitic acid, 
33% stearic acid, and 1% oleic acid) dissolved in 38 ml of warm 
99% ethanol. After 2 hours at 0°, the precipitate was collected 
on a filter, washed successively with ethanol and ether, and 
finally dried at 40° over P.O; ina vacuum. Yield, 3.08 g (100% 
of theory). 


Lysolecithin- §CdCle (799) 
Calculated: P 3.88, N 1.75 
Found: P 3.77, N 1.83 


Synthesis of Lecithin from Lysolecithin—Essentially, the pro- 
cedure used here was a modification of that described by Baer 
and Buchnea (12) for synthesis of lecithins from glycerylphos- 
phorylcholine. A 100-ml, three-necked flask, fitted with sealed 
stirrer and a CaCl,-tube, was filled with glass beads until the 
stirrer was covered. Then, 2 g (6.6 mmoles) of oleoy] chloride or 
1.4 g (5.7 mmoles) of myristoyl chloride in 5 ml of dry, ethanol- 
free chloroform were added to 1 g (1.25 mmoles) of lysolecithin- 
CdCl: complex in this flask. Next, 3 ml of dry pyridine in 300 
ml of dry chloroform were added slowly with stirring to the 
above mixture. Within a short time after addition of the pyri- 
dine, the mixture became clear; subsequently the CdCl2-pyridine 
complex precipitated. Stirring was continued for 2 hours at 
room temperature. At this time, the reaction mixture was 
filtered through a glass-sintered funnel and the precipitate 
washed with 100 ml of chloroform. The filtrate was evaporated 
first at 25° and then at 35° in high vacuum to remove the pyrti- 
dine. The residue was dissolved in chloroform-methanol-water 
(5:4:1, volume per volume) and passed through a column (45 X 
1.2 cm) of mixed resins IR-45 and IRC-50. The eluate was then 
evaporated, the residue dissolved in C-M 9:1 and chroma 
tographed on silicic acid-Hyflo Super-Cel (2:1, weight per weight; 
1 g of silicic acid for each 0.2 mg of P); free fatty acids were eluted 
with chloroform-methanol 9:1, the lecithin with chloroform- 
methanol 1:1 (or 2:3), and lysolecithin with chloroform-methandl 
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1:4. A phosphorus assay of the fractions showed that, in the 
case Of acylation with oleoyl chloride, 62% lecithin and 37% 
jysolecithin were present. Yield of lecithin, 469 mg (48% of 
theory). 


Oleoyl-palmitoyl (stearoy])-lecithin (788) 
Calculated: P 3.94, N 1.77 
Found: P 3.75, N 1.78; [a]3 + 6.0° (C, 3 in chloroform) 


The fatty acid composition is shown in Table III. In the 
acylation reaction with myristoyl chloride, 410 mg of lecithin 
were recovered. Yield, 45% of theory. 


Myristoyl-palmitoy] (stearoyl)-lecithin (734) 
Calculated: P, 4.23 
Found: P, 4.21; [a]® + 7.0° (C, 3 in chloroform) 


Table IV. 
Action of Phospholipase A on “synthetic’”’ Lecithins—(a) Oleoy]- 


| palmitoyl (stearoyl)-lecithin: to 365 mg of lecithin in 75 ml of 


ether were added 6 mg of snake venom in 1 ml of 0.1 m Tris 
buffer, pH 7.45. After 4 hours at room temperature the ether 
was evaporated and the reaction mixture chromatographed on 
silicic acid as before. The recovered products were 123 mg of 
free fatty acids (94% of theory) and 215 mg of lysolecithin 
(88%). The fatty acid composition is shown in Table III. (6) 
Myristoy]-palmitoyl(stearoy])-lecithin: a sample of this lecithin, 
164 mg in wet ether containing 5% ethanol, was subjected to 
phospholipase A action as before. After a 4-hour period, the 
recovered products were 47.3 mg of free fatty acids (93% of 
theory) and 105 mg of lysolecithin (90% of theory). The fatty 
acid composition is shown in Table IV. 
Action of Lipase on Diglycerides from Lecithins 

Diglycerides from “Synthetic” Lecithins—(a) Oleoyl-palmitoy] 
(stearoyl)-lecithin: lecithin, -41 mg, was dispersed in 15 ml of 
water, and 0.5 ml of 0.04 m CaCl: plus 0.5 ml of C. perfringens 
toxin were added. The pH was maintained at 7.4 by continuous 
titration with 0.5 n NaOH, with temperature at 35°. Small 
quantities of ether added at intervals greatly accelerated the 
reaction. After 14 hours, the liberated diglyceride was extracted 
with ether and purified by passing a chloroform solution of this 
material through a column of 3 g of silicic acid (in chloroform). 
Yield, 26.7 mg. 

Reaction with lipase: To 20 mg of the diglyceride in 4 ml of 
water, 2 ml of 1.8% NaCl and 0.02 ml of 0.8 m CaCl. were added, 
and this mixture, at pH 8.1 and 37°, was stirred well. Pan- 
creatic lipase solution, 2 ml (2 mg of protein), at pH 8.1, was 
added and the mixture stirred and titrated continuously with 
0.5N NaOH. After 15 minutes, 0.8 mole of base per mole di- 
glyceride had been consumed. The reaction products were 
separated on a silicic acid column by a previously described 
technique (13). The fatty acid composition of the free fatty 
acids and the monoglycerides is shown in Table V. 

(b) Myristoyl-palmitoyl(stearoy])-lecithin: 82 mg of this 
lecithin yielded, in a system similar to that described above, 
after 14 hours, 46.8 mg of diglyceride. This diglyceride was 
subjected to lipase action as described before, and the products 
analyzed for their fatty acid composition (Table VI). 

Diglycerides from Plasma Lecithin—Diglycerides were pre- 
pared from 1.01 g of cow plasma lecithin in the same manner as 
described above for the “synthetic” lecithins. Yield: 770 mg 


XUM 
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TasB_eE III 
Fatty acid composition of products of phospholipase A action on 
oleoyl-palmitoyl (stearoyl)-lecithin 
See text for details. 



































aBsatioe, | Specie catibation 
Fraction Saturates Unsaturates 
Satu- |Unsatu- 
rates rates 
Cis Cu C, Ci, 
mole % mole % 
Lecithin, original...... 49 51 34 15 | trace} 51 
Lysolecithin........... 98 3 65 32 3 
Fatty acids, liberated.| 4 97 3 1 97 





TaBle IV 
Fatty acid composition of products of phospholipase A action on 
myristoyl-palmitoyl (stearoyl)-lecithin 
See text for details. 

















Specific distribution of saturates 
Fraction 
Cu | Cis | Cu 
mole % 
Lecithin, original. ............. 52 35 14 
TigmolecitHi sooo ines ccs nese 3 64 33 
Fatty acids, liberated......... 93 4 3 
TaBLe V 


Fatty acid composition of products of lipase action on diglyceride 
derived from oleoyl-palmitoyl (stearoyl)-lecithin 
See text for details. 





Relative 


























Fraction Saturates at 

Satu- |Unsatu- 
rates | rates 

Cis | Cu CG, 

mole % mole % 
Monoglyceride................ 6 | 94 3 3 94 
Fatty acids, liberated........| 95 5 65 30 5 
TasBie VI 


Fatty acid composition of products of lipase action on diglyceride 
derived from myristoyl-palmitoyl (stearoyl)-lecithin 
See text for details. 














Specific distribution of saturates 
Fraction 
Cu | Cis | Cs 
mole % 
Monoglyceride*................ 94 5 1 
Fatty acids, liberated......... 11 61 | 28 








* The original diglyceride contained only saturated fatty acids, 
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(97% of theory); [a]? —2.2° (C, 3 in chloroform). 
acid composition is given in Table II. 

Hydrolysis by lipase: Diglyceride, 215 mg, was subjected to 
lipase action as described before. Yield: 75 mg of free fatty 
acids, 53 mg of diglyceride, and 77 mg of monoglyceride. The 
fatty acid composition is shown in Table II. In order to be sure 
that the separation of the components on silicic acid was proceed- 
ing normally, the ester content of the eluted monoglycerides and 
diglycerides was determined in this experiment. The results 
were 0.99 ester bonds for the monoglyceride and 2.00 ester bonds 
for the diglyceride. 

Diglycerides from Egg Lecithin—Egg lecithin, 2.5 g, was treated 
with phospholipase D in a manner similar to that described for 
the “synthetic” lecithin. Yield: 1.48 g of diglyceride, [a]? 
—2.45°; the fatty acid distribution is shown in Table I. 

Hydrolysis with lipase: Dialyzed dog pancreatic juice was used 
in this experiment instead of the partially purified lipase. Di- 
glyceride, 590 mg, was hydrolized with 5 ml of dog pancreatic 
juice. After 5 minutes and 15 minutes (a and 6 in Fig. 1), 


The fatty 














® 

§§ 10 - 
aS poset 
Ss . For 

\ 

8S ®& 7 
$805 g-Morogeeris® 
a& Yo" 

iS 3 ; 

© f? 

se, Glycerol, 
$© "0 5 10 15 20 25 30 
a 


Time in minutes 


Fia. 1. The release of free fatty acids and 8-monoglycerides by 
lipase action on diglyceride. This diglyceride was prepared from 
egg lecithin by the action of phospholipase D (C. perfringens 
toxin). Samples were taken for analysis at points a, b and c; the 
fatty acid composition of these fractions is described in Table I. 














Taste VII 
Fatty acid composition of products of lipase action on rat liver 
triglycerides 
See text for details. 
oe... Specific distribution 
Fraction* Saturates Unsaturates 
Satu- |Unsatu- 
rates rates 
Cis Cs a 
mole % mole % 
Triglycerides, original 
and recovered....... 20 80 19 45 35 
Diglycerides............ 19 77 19 tr. 46 31 
Monoglycerides......... 3 97 3 0 44 53 
Fatty acids, liberated...| 47 54 39 8 32 22 




















* In this study only, the fatty acids were separated by reversed 
phase chromatography. In the diglyceride fraction only, 6% 
“arachidonic acid’’ was found. 
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aliquots were removed and acidified immediately with 0.1 y 
HCl. The hydrolysis was stopped after 30 minutes (c in Fig. 1), 
The solid line in Fig. 1 represents the corrected titration curve, 





The extracted lipids were subjected to a 3 X 3 distribution | 


stage between heptane and 85% ethanol (14). 
and diglyceride from the heptane solution were separated on 
silicic acid (13). 
given in Table I. 


The fatty acids | 


== 


The fatty acid composition of each fraction jg | 


The monoglycerides were isolated from the 85% ethanol frac. | 
tion and assayed for their a-monoglyceride content by oxidation | 


with periodate in 85% acetic acid and determination of the 
formaldehyde produced (15). 


found, so that the broken line itself, by subtraction, represents 
the 8-monoglyceride. The monoglycerides had no detectable 
optical rotation. The three monoglyceride fractions were then 
applied to a silicic acid column, washed with 30% ether-hexane, 
and eluted with 90% ether-hexane. Quantitative recovery 
showed the homogeneity of these fractions. The distribution of 
fatty acids in these products is illustrated in Table I. 


Lipase Action on Liver Triglycerides 


Rat Liver—To 242 mg of the triglyceride (fatty acid-glycerol, 
molar ratio, 2.93) were added 5 ml of 1.8% NaCl, 2.5 ml of 0.04 
M CaCle, and 4.5 ml of distilled water. The pH was adjusted 
to 8.1 and 3 ml of lipase solution (5.0 mg of protein) at pH 8.1 
were added. This mixture was stirred mechanically throughout 
the reaction period. The hydrolysis was followed titrimetrically 
by the addition of 0.5 n NaOH, with the pH being maintained 
at a constant value of 8.1. When approximately one-third of the 
total fatty acids had been liberated, the reaction was stopped by 
adjustment of the pH to 2. The reaction mixture was chroma- 
tographed on silicic acid (13) and the recovery of triglycerides, 
diglycerides, monoglycerides, and fatty acids was 58 mg, 45 mg, 
55 mg, and 81 mg, respectively. A total of 1% free glycerol 
was liberated. The fatty acid composition of these fractions is 
given in Table VII. 

Beef Liver—Whereas the rat liver triglycerides were easily 
dispersed by stirring, this was not the case with the beef liver 
triglycerides. Consequently it was necessary to employ phos- 
phatidyl inositol (beef liver) as an emulsifying agent.‘ To 237 
mg of beef liver triglycerides in a 20-ml beaker were added 4 
ml of 1.8% NaCl and 3 ml of 0.04 m CaCle. Then 100 mg of 
partially solubilized phosphatidyl] inositol in 6 ml of water were 
added. After all the inositide apparently had been dissolved, 
the pH was adjusted to 8.1, 2 ml of lipase solution (4 mg of 
protein) at pH 8.1 were added, and the reaction followed as 
before. The recovered amounts of triglycerides, diglycerides, 
monoglycerides, and free fatty acids were 111 mg, 37 mg, 38 mg, 
and 81 mg, respectively. A total of 2.5% free glycerol was 
found. The fatty acid composition of these various fractions is 
illustrated in Table VITI. 


4This was one of the few experiments, at least in the lipase 
studies, in which it was possible to use this phosphoinositide as 
an emulsifying agent. In other attempts, complete inhibition of 
lipase action was noted. However, under no conditions was there 
any attack by these lipase preparations on phosphatidy] inositol. 
It is of interest to note that excellent emulsions of phosphoinosi- 
tides and triglycerides could be prepared by mixing each of the 
compounds, in chloroform, with water and removing the chloro- 
form in a rotary evaporator. 


In Fig. 1, the difference between | 
the solid and the broken line represents the a-monoglyceride | 
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TasLe VIII 
Fatty acid composition of products of lipase action on beef liver triglyceride 
See text for details. 
ci. Specific distribution 
5 
Fraction Saturates Unsaturates 
Saturates Unsatu- 
rates 
Cu | Cis | Cis Ci. | Ce | Cis | e Cis | Ch ? | cc 
mole % mole % mole % 
Triglycerides original.......... 39 61 1 33 | 5 trace 5 42 | trace 11 1 1 1 
Pil yOemeee se ). FEI A 30 70 2 24 5 1 7 42 1 13 1 trace 1 
Monoglycerides................ 13 87 2 10 | 2 5 56 j 23 trace | trace : 
Fatty acids, liberated.......... 61 39 3 50 8 trace 6 29 trace 3 trace | trace | trace 
Triglycerides, recovered........ 44 56 4 36 5 trace 6 38 trace 7 1 1 1 
TaBLe IX 
Fatty acids released from egg lecithin (native) and hydrogenated egg lecithin by action of phospholipase A 
See text for details. 
Relative distribution Specific distribution 
Fraction Saturates Unsaturates 
Saturates og 
Cis Cu Cro C.. Cie C.. Cis | Coy o" 
mole % mole % mole % 
Fatty acids from egg lecithins (native)............ + 96 3 1 0.5 | 51 35 | 0.5 1 8 
Fatty acids from hydrogenated egg lecithin........ 100 None | trace 91 9 
RESULTS action. The results of these experiments are recorded in Tables 


Position of Fatty Acids on Native and Hydrogenated Egg Lecithin 
—The observation made in-previous studies (10) that phos- 
pholipase A attacked saturated lecithins at a rate equivalent to 
or faster than the native lecithins strongly suggested that the 
enzyme was acting at a specific site. A comparison of the fatty 
acids released from each lecithin proved this point (Table IX). 
Phospholipase A action on the native lecithin yielded a mixture 
of fatty acids containing 9% Cx-unsaturated acids, with the 
remainder consisting of Cis-unsaturated and a small percentage 
of Cis- and Cys-saturated acids. The predictable result of a 
position-specific action of the enzyme on hydrogenated lecithin 
would be that the fatty acids released contained 9% saturated 
Cx» acid, with the remainder being mainly Cys-saturated acids. 
This result was actually obtained (Table IX). As should be 
emphasized, the lysolecithins in both cases contained no Cx» fatty 
acids. 

Mode of Action of Phospholipase A on “Synthetic” Lecithins 
(Position of Fatty Acids)—Until this present report no successful 
procedure for reacylation of lysolecithin to lecithin had been 
reported. Earlier work, in this and other laboratories, had 
shown that lysolecithin could not be acylated by conventional 
procedures, probably because of a hindering effect of the qua- 
ternary nitrogen. However, through the use of the cadmium 
chloride addition complex, this interference was overcome and 
synthesis was achieved. 

Consequently, as a further proof of specific attack, lecithins 
synthesized by reaction of lysolecithin with oleic acid or myristic 
acid (see “Experimental”) were subjected to phospholipase A 
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III and IV, and show that mainly oleic and myristic acid, respec- 
tively, are released. Hence, the results proved that these fatty 
acids occupied the same position in the molecule as the original 
enzymatically released fatty acids, and that the attack took 
place only at this specific position. 

Position of Fatty Acids on Diglycerides from Lecithins—Work 
in progress in this laboratory on the purification of pancreatic 
lipase and its mode of action on glycerides (7) suggested a route 
to the determination of the actual position of fatty acids 
independent of the earlier approaches on the structure of lyso- 
lecithin. Inasmuch as lecithin can be split easily by phospho- 
lipase D (C. perfringens toxin) to phosphorylcholine and p-1 ,2- 
diglyceride (16, 17), the subsequent use of lipase (which is 
considered to release a-substituted fatty acids from diglycerides 
as well as from triglycerides) should cause cleavage of this di- 
glyceride to free fatty acids (from the @ position) and a mono- 
glyceride with the fatty acids of the 6 position. Hence, the free 
fatty acids would be representative of those present in the a’ 
position of the original lecithin. On the basis of previous con- 
clusions (18), these acids should be the unsaturated ones. 
Surprisingly, however, such an experiment with purified lipase 
and a D-a,6-diglyceride from cow plasma lecithin yielded mainly 
saturated free fatty acids and an unsaturated monoglyceride 
(Table II). This latter experiment caused some doubt con- 


5 When compared to the following experiments with diglyceride 
from egg lecithin (Table I), the separation is not so clear-cut. 
This might indicate a difference in the lecithins. More probably, 
however, it is the result of partial isomerization during the prep- 
aration of the diglyceride (its optical rotation value, [a]$ —2.2°, 
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TABLE X 
Fatty acid composition of products of lipase action on 
a-myristoyl-triglyceride* 
See text for details. 














| Retative | Specific distribution 
Fraction g g Saturates Unsaturates 
5 
5 2 | cu} cw} cw) cy | cy} oy oy” 
mole % mole % mole % 
Triglyceride, orig- 

re eee 69 | 31 | 34 | 24 11 | trace} 19/| 10) 2 
Fatty acid, liber- 

NED os aa casio bie 98 | 2/] 56] 31) 11 | trace} 2 
Diglyceride........ 50 | 51 | 18 | 22} 10} 0.5 | 30/16] 4 
Monoglyceride..... 56|96; 1| 3] 1] 0.5 | 57|35| 3 
Triglyceride, recov- 

ere ae Ne Be Se oe ae ee i 
































* Diglycerides, derived from egg lecithin by action of phospho- 
lipase D, were acylated with myristic acid (chloride) by a pro- 
cedure similar to that described by Tattrie (19). 


cerning the action of lipase on diglycerides, which, as far as we 
know, have never been subjected as such to lipase attack.* 
Therefore, the formation of a-, and 8-monoglyceride, in a re- 
action mixture containing D-a ,8-diglyceride, prepared enzymati- 
cally from egg lecithin, and dog pancreatic lipase was followed at 
5, 15, and 30 minutes (a, b, and c in Fig. 1). The monoglycerides 
were separated by countercurrent distribution and assayed for 
a-monoglyceride content by periodate oxidation. The results 
are given in Fig. 1, and clearly show that the monoglyceride is 
originally released in the 8-form, with the a-monoglyceride being 
formed by a secondary process (migration). This was further 
proved by the fact that the isolated monoglyceride (at Point c, 
Fig. 1) showed no optical rotation. 

The composition of free fatty acids and of the fatty acids of 
the monoglycerides of the samples taken after 5, 15, and 30 
minutes is shown in Table I. Comparison of the fatty acid 
composition of the lecithin and the diglyceride, and the optical 
rotation of the diglyceride ([a]?> —2.45°) proved that this was 
representative of the original phospholipid. 

As a further confirmation of these results, a triglyceride, which 
was substituted with a specific fatty acid at the free hydroxyl 
group, was synthesized from the a,@-diglyceride obtained en- 
zymatically from egg lecithin. Myristic acid was chosen as a 





is somewhat lower than would be expected) or of resynthesis dur- 
ing the course of hydrolysis, which was run for as long as 200 min- 
utes. Furthermore, approximately 7% of the monoglyceride had 
been hydrolyzed to glycerol and free fatty acids. 

6 In an independent approach to this problem, the following 
experiment was conducted: diglycerides, isolated after the action 
of lipase on corn oil triglycerides, were subjected to attack by 
lipase. The resulting monoglycerides contained only unsaturated 
fatty acids (72% linoleic, 28% oleic). Since the monoglycerides 
isolated after lipase attack on the original triglycerides contained 
a distribution of unsaturated fatty acids similar to that above, 
the lipase must have attacked the diglycerides in a comparable 
manner (i.e. at the primary ester groups). It is of interest to 
note that saturated fatty acids were found in the liberated fatty 
acid fraction, and not in the monoglyceride. 
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label. The results of lipase attack on this triglyceride are shown 
in Table X. It should be noted that the percentage of myristic 
acid found in free fatty acids (56%) and diglycerides (18%) ig 
not exactly the percentage expected (50% and 25%, respec. 
tively). It is apparent that myristic acid, under the conditions 
used here, is cleaved from the glycerides somewhat faster than 
palmitic and stearic acids. 

During the preparation of this manuscript for publication, an 
article by Tattrie (19) appeared in which he described essentially 
the same experiment, the acylation of a diglyceride (derived from 
egg lecithin by phospholipase D action) with myristic acid and 
attack of the resulting triglyceride with lipase. Tattrie ob- 
tained similar results and arrived at the same conclusions re- 
garding the structure of lecithin as those presented here. 

In additional experiments, lecithins synthesized by reaction of 
enzymatically produced lysolecithins (as CdCle complex) and 





oleic acid or myristic acid, were converted to D-a, B-diglycerides 
by phospholipase D action. The diglycerides were subjected to 
lipase action and the results of these experiments (Tables V and 
VI) showed the structure of the “synthetic” lecithins to be 
analogous to that of the native lecithin. 

Position of Fatty Acids on Liver Triglycerides—Inasmuch as 
there has been considerable evidence presented in support of a | 
common precursor, D-a,§-diglyceride, in the biosynthesis of 
lecithins and triglycerides (20), it seemed worthwhile to in- 
vestigate the positioning of fatty acids in certain triglycerides, 
As is evident from the data presented in Tables VII and VIII, a 
definite positioning of the saturated fatty acids on the a positions 
and unsaturated fatty acids on the 8 position of the triglycerides 
was found. 


DISCUSSION 


It should be noted that in the experiments with lipase (Tables 
I, II, V) some oleic acid accompanied the saturated fatty acid 
(cf. lysolecithin from native egg lecithin contained 1% oleic acid). 
This might be due to partial isomerization during the preparation 
of the diglycerides; however, this does not explain the fact that 
linoleic acid (Tables I and X) and arachidonic acid (Table II) 
are absent in the free fatty acid fraction. Hence it seems that 
oleic acid can to a certain degree replace the saturated fatty 
acids in the a’(C-1) position of the lecithin. On the other hand, 
all the monoglycerides which were isolated contained a small 
percentage of saturated fatty acids. This is in some cases (stearic 
acid in Table II, myristic acid in Table X) most probably due to 
resynthesis accompanying the hydrolysis. However, the pos- 
sibility cannot be ruled out that some saturated acid was orig- 
inally present at the same position as the unsaturated fatty acids 
in the lecithins examined here (cf. Table IX, fatty acids released 
from native lecithins by phospholipase A). 

Inasmuch as it has been suggested that a diglyceride is a com- 
mon precursor in the biosynthesis of lecithins and triglycerides 
(20), the results obtained here on the positioning of fatty acids 
on liver triglycerides are of considerable interest. On the basis 
of the data secured through the action of pancreatic lipase on 
rat liver and beef liver triglycerides, it is evident that mainly 
unsaturated fatty acids occur on the 2- (or B-) ester position 
and saturated fatty acids (plus unsaturated acids) are found 
mainly on the 1- (or a-) ester position of triglycerides. Thus, 
as shown in the following formulas, there is a definite structural 
relationship between lecithins and triglycerides: 
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triglycerides and phospholipids have as common precursors 
‘V and L-a-glycerophosphate, phosphatidic acids, and p-1 ,2-diglycerides, 
be | in this order, and would imply that the glycerophosphate is 
| acylated in vivo by a saturated fatty acid at the a’ position and 
uch a by an unsaturated fatty acid at the 8 position. Consequently, 
rt Of 8 | the triglycerides of the type investigated here should not be 
esis Of racemates, but should possess a potential, though unmeasurable, 
to in- optical activity. 
cerides. A brief mention appears worthwhile on the implications of the 
Vill, & work reported here on the structure of another group of phos- 
sitions pholipids, namely, the plasmalogens. These compounds, which 
reerides contain one mole of fatty acids (unsaturated) and one mole of a 
fatty aldehyde, as a vinyl ether, are attacked by phospholipase A 
with the formation of free fatty acids and a lysoplasmalogen. 
In accepting the conclusion drawn from our original observation 
(Tables on the specificity of attack of phospholipase A, Rapport and 
ty acid Franzl (21) and Gray (4) concluded that in plasmalogens the 
1c acid). unsaturated fatty acids are located on the 1 (or a’), and the 
aration fatty aldehyde group on the 2 (or 8) position. Recently, how- 
act ever, Debuch (22), and Marinetti et al. (23), who partially re- 
able II) evaluated earlier reported experiments, provided sound evidence 
ms that for the attachment of the fatty aldehyde group to the a’ position 
d fatty of the glycerol moiety. The results reported here would suggest 
er hand, that the findings of Rapport and Franz] (21) and Gray (4) would 
a small have to be interpreted as supporting the a’-positioning of the 
(stearic yinyl ether group on plasmalogens. Hence the discrepancies 
y due to between these various laboratories could be resolved. Although 
the pos rather unlikely, it is not impossible, however, that there is an 
7a8 OTig- enzyme in snake venom capable of attacking the plasmalogens 
an! is in a different manner from that found for the lecithins. 
re 


SUMMARY 
8S a com- 


lycerides The specificity of attack of phospholipase (lecithinase) A of 
ty acids snake venom on one particular fatty acid ester group of naturally 
he basis °Ccurring lecithins has been re-established. In accord with 
ipase on previous observations from this laboratory, there is specific loca- 
; mainly tion of the saturated and unsaturated fatty acids on lecithins. 
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However, from the results obtained with lipase as a specific 
reagent for release of fatty acids from diglycerides (and a tri- 
glyceride) derived from lecithins, it is evident that the saturated 
fatty acids of lecithin are located at a’ (C-1)-ester position and 
unsaturated fatty acids are found preferentially located at the 
8(C-2)-ester position. Hence, from the present studies, which 
we believe are conclusive in this respect, the site of action of 
phospholipase A on lecithin must be considered as opposite to 
that previously reported from this laboratory. Thus, phos- 
pholipase A apparently attacks specifically at the 8(C-2)-ester 
position of lecithin with the release of a fatty acid (representative 
of the §(C-2)-ester) and lysolecithin containing the a’(C-1)- 
located ester group. The discrepancy between these results and 
those previously reported is under current investigation. 

As an adjunct to these studies, the location of fatty acids on 
the triglycerides of rat liver and beef liver was investigated 
through the use of partially purified (dog) pancreatic lipase. 
The results showed a decided specificity to the location of these 
fatty acids, with predominantly unsaturated fatty acids found on 
the 6(C-2)-ester position and the saturated fatty acids located 
predominantly at the primary (a@’ or C-1)-ester position. 

The probable close metabolical interrelation of the lecithins 
and triglycerides as well as plasmalogens is discussed. 
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Enzyme systems which catalyze a coenzyme A- and diphos- 
phopyridine nucleotide-linked oxidative decarboxylation of a- 


RCOCO:H + CoA—SH + DPN > 
RCO—S—CoA + CO: + DPNH + Ht 


(1) 


keto acids (Reaction 1) have been obtained from various sources 
(1-6). The pyruvate dehydrogenation system of pigeon breast 
muscle (3, 7) and the a-ketoglutarate dehydrogenation system 
of hog heart muscle (4) were isolated as structural units with 
molecular weights of approximately 4 million and 2 million, 
respectively. Both the pyruvate and a-ketoglutarate dehydro- 
genation systems of Escherichia coli, on the other hand, were 
separated into and purified as two enzyme fractions (Fractions 
A and B, and A’ and B, respectively) (1,8). Fraction B, which 
is common to the two systems, has been shown to contain a 
diphosphopyridine nucleotide-linked dihydrolipoic dehydro- 
genase (9). In the present study pyruvate and a-ketoglutarate 
dehydrogenation systems which catalyze Reaction 1 have been 
isolated from E. coli extracts as structural units with molecular 
weights of 4.8 and 2.4 million, respectively. The purification 
and some of the properties of these “multienzyme” complexes 
will be described in this paper. 


EXPERIMENTAL PROCEDURE 


FAD (90 to 100%) was obtained from the Sigma Chemical 
Company. The source of other materials is described in pre- 
vious papers (10, 11). 

Growth of Cells and Preparation of Cell-free Extracts—E. coli 
(Crookes strain) was grown and cell-free extracts were prepared 
essentially as described by Hager (12). The growth medium 
contained pt-lipoic acid-S,.*° (2.12 x 10‘ c.p.m. per wg) at a 
level of 146 wg per liter. The harvested cells were washed once 
with distilled water, and 20 g of cell paste were suspended in 
sufficient 0.02 m potassium phosphate buffer (pH 7.0) to give a 
final volume of 50 ml. Sonic oscillation was carried out in a 
Raytheon 10 ke. oscillator for 20 minutes at 65 to 75 volts (0.9 
to 1.0 ampere). The suspension was centrifuged for 1 hour at 
50,000 x g in the No. 20 rotor of a Spinco model L ultracentri- 
fuge to obtain a clear yellow solution. It was observed that 
freezing and thawing the cell extract once or twice generally 
precipitated a considerable amount of inactive protein. 

Assay Procedures—Pyruvate dismutation activity, based on 
Reaction 2, was determined as described previously (10). Spe- 
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2 Pyruvate + phosphate — 
acetyl phosphate + CO + lactate 
cific activity is expressed as umoles of acetyl phosphate formed 


per hour per mg of protein. Dihydrolipoic transacetylase and 
dihydrolipoic dehydrogenase activities, based on Reactions 3 and 


(CoA) 
CH;COOPO;~ + Lip(SH)2!_ ———= 


CH;CO—S—Lip—SH! + HPO,- 
PN) 


— 


(3) 


Lip(SH)2 + pyruvate 





LipS.' + lactate (4) 


4, respectively, were determined with substrate amounts of pL- 
dihydrolipoic acid according to Hager and Gunsalus (9, 12). 
The latter assay was carried out at pH 7.0 instead of 6.0. Spe- 
cific activities are expressed, respectively, as umoles of heat- 
stable thioester formed per hour per mg of protein and pmoles 
of dihydrolipoic acid oxidized per hour per mg of protein. The 
DPN and ferricyanide reduction assays for pyruvate and a- 
ketoglutarate oxidation, based on Reactions 1 and 5, respectively, 


RCOCO:H + 2 Fe(CN)«-* + H:0 — 


5 
RCO:H + CO:z + 2 Fe(CN)«* + 2 Ht © 


were carried out as described by Hager (12). Specific activities 
are expressed, respectively, as ymoles of DPNH formed per 
minute per mg of protein and wmoles/2 of ferrocyanide formed 
per hour per mg of protein. Protein was determined in crude 
extracts turbidimetrically with trichloroacetic acid (13) and in 
purified fractions by the phenol method of Lowry et al. (14). 

The lipoic acid content of the protein fractions is based on 
radioactivity determinations performed as described previously 
(10). The lipoic acid content (calculated as (+)-lipoic acid) 
of several preparations of the complexes also was determined 
manometrically with lipoic acid-deficient Streptococcus faecalis 
cells (15). The protein samples were hydrolyzed by autoclaving 
with 0.1 N sodium hydroxide under nitrogen and in the presence 
of 2 mg per ml of crystalline bovine serum albumin (16). A 
hydrolyzed sample of the albumin gave no response in the assay. 
The lipoic acid content of the complexes based on manometric 
assay was 75 to 80% of that based on radioactivity. Approxi- 


1The abbreviations used are: Lip(SH)s, dihydrolipoic acid 
(6,8-dithioloctanoic acid); CH;CO—S—Lip—SH, S-acetyl dihy- 
drolipoic acid; LipSs, lipoic acid. 








Jul 


mat 
by | 
cate 
radi 


eter 
1 er 


} 
0-5 
Fra 
bee 
run 
pro 
cial 
gen 
spe 
The 
wer 
tan 
ried 
Mp 
of 2 
acit 
stir’ 
sulf 
min 
850 
pre 
min 
tan 
pre 
was 
0.1 
30 | 
20,( 
was 
buf 
The 
nat 
at | 
trif 
0.0: 
fug 
of | 
the 
wel 
33° 
con 
tio 
7.0 
full 


2 
Yo 
3 


Aci 
4 


20 


sou 


















1. ustin, 
yland 


(2) 


formed 
ase and 
s 3 and 


2 (4) 


3 of DL- 
(9, 12). 
). Spe- 
f heat- 
pmoles 
1. The 
and a- 
ctively, 


Ht (5) 
ctivities 
ned per 
formed 
n crude 
and in 
ul. (14). 
ased on 
viously 
ic acid) 
ermined 
faecalis 
oclaving 
presence 
16). A 
ie assay. 
.ometric 
\ pproxi- 


cic acid 
yl dihy- 





July 1960 





mately 96% of the radioactivity in the complexes was released 
by treatment with lipoyl-X hydrolase (11). These results indi- 
cate that essentially all of the lipoic acid in the complexes was 
radic active. 

Spectra were taken with a Beckman model DU spectrophotom- 
eter equipped with a micro attachment? (17). Cuvettes with 
1 cm light path were used. 


RESULTS 


Purification Procedure—All operations were carried out at 
0-5°, and the solutions were made up with deionized water. 
Fractionation of the E. coli extract with protamine sulfate has 
been described briefly (10). It is advisable to carry out a pilot 
run with each extract to determine the maximum amount of 
protamine sulfate solution which can be added without appre- 
ciable loss (<20%) of pyruvate and a-ketoglutarate dehydro- 
genation activities, which are based on Reactions 2 and 5, re- 
spectively. This amount varied between 0.06 and 0.08 volume. 
The pyruvate and a-ketoglutarate dehydrogenation complexes 
were precipitated by an additional 0.01 to 0.015 volume of pro- 
tamine sulfate solution. A representative purification was car- 
ried out as described below. The extract was diluted with 0.02 
m potassium phosphate buffer (pH 7.0) to a protein concentration 
of 20 mg per ml? and the pH was adjusted to 6.0 with ‘1 N acetic 
acid. To 1800 ml of diluted extract were added slowly with 
stirring 120 ml (0.067 volume) of a 2% solution of protamine 
sulfate (pH 5.0). The mixture was stirred for an additional 30 
minutes and then centrifuged for 1 hour at 3,180 X g in the No. 
850a head of an International model PR-2 centrifuge. The 
precipitate was discarded and 23.8 ml (0.013 volume) of prota- 
mine sulfate solution were added with stirring to the superna- 
tant fluid. The mixture was stirred for 30 minutes and the 
precipitate was collected by centrifugation.4 The precipitate 
was suspended, by means of a glass homogenizer, in 180 ml of 
(.1 m phosphate buffer (pH 7.0) and the mixture was stirred for 
30 minutes. The suspension was centrifuged for 30 minutes at 
20,000 X g, and the precipitate was discarded. The solution 
was dialyzed with stirring for 6 hours against 0.02 m phosphate 
buffer (pH 7.0) and then centrifuged for 1 hour at 20,000 x g. 
The precipitate was discarded. The supernatant fluid, desig- 
nated protamine precipitate eluate, was centrifuged for 2 hours 
at 144,000 x g in the No. 40 rotor of a Spinco model L ultracen- 
trifuge. The yellow pellet (Pellet 1) was dissolved in 18 ml of 
0.02 m phosphate buffer (pH 7.0) and the mixture was centri- 
fuged for 30 minutes at 20,000 x g to remove a small amount 
of insoluble material. At this stage of the purification both 
the pyruvate and a-ketoglutarate dehydrogenation complexes 
were present in amounts comprising approximately 50% and 
33°%, respectively, of the total protein. Separation of the two 
complexes was accomplished by acid fractionation. The solu- 
tion of Pellet 1 was diluted with 0.02 m phosphate buffer (pH 
7.0) to a protein concentration of 5 mg per ml and then care- 
fully adjusted to pH 6.0 with 1% acetic acid. The precipitate 


2 Purchased from the Pyrocell Manufacturing Company, New 
York, New York. 

’ This value is based on turbidimetric assay with trichloroacetic 
acid (13) and includes nucleic acid present in the crude extract. 

‘ The supernatant fluid, which exhibited no activity in Reaction 
2 or Reaction 5 (with a-ketoglutarate as substrate), is used as a 
source of the lipoic acid-activating system (10). 


M. Koike, L. J. Reed, and W. R. Carroll 


1925 


was collected by centrifugation for 10 minutes at 14,000 x g and 
was discarded. The pH of the supernatant fluid was lowered 
successively to 5.6 and 5.1. The precipitates obtained between 
pH 6.0 and 5.6 (A) and pH 5.6 and 5.1 (B) were dissolved 
separately in 6 ml portions of 0.02 m phosphate buffer (pH 7.0). 
Precipitate A contained predominantly the a-ketoglutarate de- 
hydrogenation complex and Precipitate B, the pyruvate dehy- 
drogenation complex. With some preparations of Pellet 1 the 
a-ketoglutarate dehydrogenation complex precipitated between 
pH 6.5 and 6.0 and the pyruvate dehydrogenation complex 
between pH 6.0 and 5.6. The reason for this atypical behavior 
is not known. The solutions of Precipitates A and B were 
diluted with 0.02 m phosphate buffer to a protein concentration 
of 5 mg per ml and refractionated with acid. The active frac- 
tion from Precipitate A was obtained between pH 6.0 and 5.7 
(Al) and that from Precipitate B was obtained between pH 5.5 
and 5.2 (Bl). Solutions of Precipitates Al and B1 in 4 and 5.6 
ml, respectively, of 0.05 m phosphate buffer (pH 7.0) were sub- 
jected to fractional centrifugation in the No. 40 rotor of a Spinco 
model L ultracentrifuge. The solution of Precipitate Al was 
centrifuged at 144,000 x g for successive 30-, 60-, and 60-minute 
periods. The second and third pellets, designated A2 and A3, 
respectively, were dissolved in 1.5 and 1.0 ml portions of 0.05 
M phosphate buffer (pH 7.0). The solution of precipitate Bl 
was centrifuged at the same speed for successive 30-, 50-, and 
60-minute periods and the corresponding pellets, B2 and B3, 
were dissolved in 2 ml and 1.5 ml, respectively, of 0.05 m phos- 
phate buffer (pH 7.0). A summary of the purification and 
recovery data is presented in Tables I and II. Solutions of the 
purified preparations were bright yellow and highly fluorescent. 
These preparations have been stored in the frozen state for as 
long as 3 months without undergoing a significant loss in activ- 
ity. 

Enzymatic Activities of Compleres—The dihydrolipoic trans- 
acetylase and dihydrolipoic dehydrogenase activities of the 
various fractions were determined throughout the purification 
(Tables I and II). Both activities were associated with. the 

















highly purified pyruvate dehydrogenation complex. The ratio 
TABLE [ 
Purification of E. coli pyruvate dehydrogenation complex 
Specific activities 
eee ene 2 |) 8. Lipoic 
Fraction Ba A 55 | iq 223% ge o> LDESs Li 
| Gs | & |BSSe Bees izes 
(=) | a a il 
mg t & ug/mge 
| | protein 
Diluted extract (36,000) 5 | 100 13 0.5) 0.10 | 0.01* 
Protamine pre- | 1,230} 118| 81 | 200| 13 | 0.11 | 0.23 
cipitate eluate 
Pellet 1 240} 540 72 | 1020} 54 | 0.10 | 1.12 
Precipitate B, 96 | 950 51 824 | 100 | 0.11 | 1.42 
pH 5.6-5.1 
Precipitate Bl, 64) 1260 45 | 1132 | 123 0.10 | 1.85 
pH 5.5-5.2 
Pellet B2 18) 1240 1024 | 120 0.10 | 1.84 
Pellet B3 17) 1332 | 1030 | 132 0.10 | 1.88 




















* Radioactivity determined after dialysis of sample for 12 
hours against 0.02 m phosphate buffer (pH 7.0). 
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TasBie II 
Purification of E. coli a-ketoglutarate dehydrogenation complex 





Specific activities 








x Vor am ET SS Lipoic 
Fraction Pann Ferri: Dihydro- | acd 
cyanide | Recovery él | 
reduction | poset 
mg % g/mg 
} protein 
Diluted extract | 36,000 0.5 100 13 0.01 
Protamine precip- | 1,230 11 70 200 0.23 
itate eluate 
Pellet 1 240 35 44 1020 
Precipitate A, pH 72 9 +| 35 1364 
6.0-5.6 
Precipitate Al, 45 | 112 27 1420 1.19 
pH 6.0-5.7 
Pellet A2 16 | 102 1386 
1420 


Pellet A3 10; 118 





of dihydrolipoic transacetylase activity to pyruvate dismutation 
activity was constant over the 250-fold range of purification 
achieved. This constant ratio of activities indicates that dihy- 
drolipoic transacetylase is an integral part of the pyruvate de- 
hydrogenation complex. The purified complex (at B1 stage) 
was tested for several other enzymatic activities. It was essen- 
tially free of lactic dehydrogenase, phosphotransacetylase, and 
the a-ketoglutarate dehydrogenation complex (as measured by 
DPN reduction with a-ketoglutarate as substrate). With DPN 
as electron acceptor (Reaction 1) purified preparations of the 
pyruvate dehydrogenation complex showed specific activities of 


/\ 
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4 to 6 (umoles of DPN reduced per minute per mg of protein), 
With ferricyanide as electron acceptor, pyruvate was oxidized 
at approximately 0.01 the dismutation rate. 

Dihydrolipoic dehydrogenase was associated also with the 
highly purified a-ketoglutarate dehydrogenation complex (Table 
Il). No attempt has been made yet to measure dihydrolipoie 
transsuccinylase activity (18). The specific activity of the 
purified preparations with DPN as electron acceptor (Reaction 
1) ranged from 3 to 5 (umoles of DPN reduced per minute per 
mg of protein). Some preparations of the purified a-ketogluta- 
rate dehydrogenation complex showed slight activity in the 
pyruvate dismutation assay. From the turnover numbers it 
was calculated that the pyruvate dehydrogenation complex 
represented 2 to 3% of the total protein. The presence of the 
pyruvate dehydrogenation complex as a contaminant in these 
preparations was indicated also by ultracentrifugal analysis 
(cf. Fig. 4), which showed approximately 3% of a component 
with 899, of 54 8. 

Electrophoretic Analysis—Preparations of the pyruvate and 
a-ketoglutarate dehydrogenation complexes corresponding to 
Precipitate B1 (Table I) and Precipitate Al (Table IT), respee- 
tively, were dialyzed for 16 hours against 1 liter of 0.05 m po- 
tassium phosphate buffer, pH 6.9. Electrophoresis runs were 
Mobilities were 
determined from direct measurements on the schlieren photo- 


made in an Aminco-Stern apparatus at 0.7°. 


graphs and were based on conductivity measurements of the 
dialysates at 0°. The schlieren pattern obtained with the py- 
ruvate dehydrogenation complex (Fig. 1) shows a major compo- 
nent with a mobility of —7.4 X 10-5 em? volt-! sec. Fig. 2 
shows the pattern obtained with the a-ketoglutarate dehydro- 





Fic. 1. Electrophoretic schlieren pattern, descending boundary, obtained with a preparation of the pyruvate dehydrogenation 


=> 





complex, 0.50 g per 100 ml in 0.05 m phosphate buffer (pH 6.9), after 189 minutes at 4.8 volts em™. 





Fic. 2. Electrophoretic schlieren pattern obtained with a preparation of the a-ketoglutarate dehydrogenation complex after 147 
minutes at 4.8 volts em™. 


Other conditions were as in Fig. 1. 
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Fic. 3. Ultracentrifuge schlieren pattern obtained with a prep- 
aration of the pyruvate dehydrogenation complex, 0.67 g per 100 
ml in 0.05 M phosphate buffer (pH 7.0), after 34 minutes at 35,600 
r.p.m.; temperature, 6.6°. Sedimentation proceeds from right to 
left. 


genation complex. The mobility of the main component was 
—5.1 X 10-* cm? volt sec. 

Preparations of the two complexes which were obtained at 
slightly higher pH values than Precipitates Bl and Al (see 
above) showed lower mobility values. Thus, a preparation of 
the pyruvate dehydrogenation complex which precipitated in 
the pH range 6.1 to 5.8 showed a mobility of —6.7 x 10-° cm? 
volt“! sec, and a preparation of the a-ketoglutarate dehydro- 
genation complex which precipitated in the pH range 6.45 to 
6.25 showed a mobility of —4.9 X 10-*° em? volt! sect. No 
significant differences were observed in the specific activities, 
lipoic acid and flavin content, and sedimentation characteristics 
of these latter preparations and those corresponding to Precipi- 
tates B1 and A1, respectively. 

Ultracentrifugal Analysis—Sedimentation studies were carried 
out in a Spinco model E ultracentrifuge equipped with a phase 
plate diaphragm and temperature control unit (RTIC). Tem- 
peratures for various runs ranged from 3.8 to 6.6°, but during 


TaBLe IIT 


Effect of concentration on sedimentation coefficient of pyruvate 
dehydrogenation complex 














Co* | $20, 
0.042 63.7 
0.084 63.4 
0.168 62.4 
0.335 60.7 
0.670 56.2 
*c¢) = initial concentration of protein in grams per 100 ml. 
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Fic. 4. Ultracentrifuge schlieren pattern obtained with a prep- 
aration of the a-ketoglutarate dehydrogenation complex, 0.65 g 
per 100 ml in 0.05 m phosphate buffer (pH 7.0), after 26 minutes at 
42,040 r.p.m.; temperature, 3.8°. Sedimentation proceeds from 
right to left. 


individual runs the variation was less than 0.05°. The move- 
ment of the boundaries was measured directly on the photo- 
graphic plates with the use of a microcomparator with a pre- 
cision of 0.01 mm. Sedimentation coefficients were calculated 
and corrected according to the method of Svedberg and Peder- 
son (19). 

The pattern obtained with a highly purified preparation of 
the pyruvate dehydrogenation complex (Pellet B3, Table I) is 
shown in Fig. 3. This pattern is typical of several different 
preparations examined at this stage of purification. It shows a 
major component (8,. = 56.2 8) comprising approximately 
95% of the total protein and small amounts of a faster moving 
(85.8 S) and a slower moving component (26.4 8S). The con- 
centration dependence of the sedimentation coefficient of the 
pyruvate dehydrogenation complex is illustrated in Table III. 
From these data, the value of s extrapolated to infinite dilution 
(80,0) is 64.1 S. 

The sedimentation pattern of a highly purified preparation of 
the a-ketoglutarate dehydrogenation complex (Pellet B2, Table 
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Effect of concentration on sedimentation coefficient of a-ketoglutarate 
dehydrogenation complex 








Co | $20.w 
0.032 | 39.2 
0.065 39.7 
0.162 39.4 
0.65 37.0 





* ey = initial concentration of protein in grams per 100 ml. 
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II) shows (Fig. 4) a major component (899,,, = 37.08) comprising 
approximately 90% of the total protein and two minor compo- 
nents (54.2 S and 22.08). Runs at progressively lower protein 
concentrations gave the s values in Table IV, which were ex- 
trapolated to obtain s2),, = 40.0 8. 

Diffusion Studies and Molecular Weights—Diffusion studies 
were carried out at 3.25° in the Aminco model B Electrophoresis- 
Diffusion apparatus, with the Rayleigh interferometer. Photo- 
graphs of the fringes of the diffusing boundary were taken at 
intervals over a period of 60 hours. The fringe spacings were 
measured on the microcomparator and diffusion coefficients were 
calculated by the method of Longsworth (20). 

A highly purified preparation of the pyruvate dehydrogena- 
tion complex corresponding to Precipitate B1 (Table I) was 
centrifuged for 2 hours at 144,000 x g. The yellow pellet was 
dissolved in 0.05 m phosphate buffer (pH 7.0), and the solution 
was dialyzed with stirring for 13.5 hours against 2 liters of the 
same buffer. The specific activity of the dialyzed preparation 
was 1010, and the protein concentration was 0.30 g per 100 ml. 
The corrected diffusion coefficient, Do,,, for this preparation 
was 1.09 X 10-7 cm? sec~!. This protein solution was recovered, 
diluted with an equal volume of buffer, and dialyzed as de- 
scribed above. Dz,,, was found to be 1.20 * 10-7 cm? sec. 
With the use of this latter value for the diffusion coefficient, the 
829,» Value of 64.1 x 10-' second, and assuming a partial spe- 
cific volume of 0.73 ml per g, the molecular weight of the pyru- 
vate dehydrogenation complex was calculated to be 4.8 x 10°. 

A highly purified preparation of the a-ketoglutarate dehydro- 
genation complex corresponding to Precipitate Al (Table II) 
was treated in the manner described above. The specific activ- 
ity of the dialyzed preparation was 104 in the ferricyanide re- 
duction assay. At a protein concentration of 0.32 g per 100 
ml, Deo... was found to be 1.51 x 10-7 cm? sec. From this 
value, the s9),, value of 40.0 x 10- second, and an assumed 
partial specific volume of 0.73 ml per g, the molecular weight of 
the a-ketoglutarate dehydrogenation complex was calculated 
to be 2.4 x 10°. 

Homogeneity and Stability of Complexes—Although only barely 
apparent in Fig. 3 because of the characteristics of the photo- 
graphic system, the boundary of the yellow color of the pyru- 
vate dehydrogenation complex was always associated in the 
ultracentrifuge runs with the main peak. In runs in which the 
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Fic. 5. Absorption spectrum of pyruvate dehydrogenation 
complex. A solution of 1.34 mg of protein (Pellet B2, Table I) in 
0.25 ml of 0.02 m phosphate buffer (pH 7.0) was used. Curve 1, 
oxidized form; Curve 2, after addition of dithionite; Curve 3, dif- 
ference spectrum; Curve 4, spectrum of flavin released from the 
complex by acid. 
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Fic. 6. Absorption spectrum of a-ketoglutarate dehydrogena- 
tion complex. The solution contained 1.0 mg of protein (Pellet A3, 
Table II) in 0.25 ml of 0.02 m phosphate buffer (pH 7.0). Curve 
1, oxidized form; Curve 2, after addition of dithionite; Curve 8, 
difference spectrum. 


main boundary was carried almost to the bottom of the cell, 
certain samples showed some indication of asymmetry or sepa- 
ration into two peaks, but these differed in sedimentation co- 
efficient by only about 5%. Some evidence of change in hydro. 
dynamic characteristics was noted in solutions which had been 
allowed to stand at 5° for 3 or 4 days. In these cases, sedimen- 
tation determinations on very dilute solutions gave s values 2 to 
3% lower than the fresh preparations. In the diffusion deter- 
minations, there was little sign of heterogeneity, as indicated by 
a spread of not more than 6% between the extremes of the 
normalized fringe-pair separations across the center of the 
boundary. This is a very sensitive indicator of the presence 
of smaller molecules and confirms the absence of these in the 
preparation. 

In the case of the a-ketoglutarate dehydrogenation complex, 
the main boundary (again the yellow boundary) was symmetri- 
cal and showed no signs of disruption even after long centrifuga- 
tion times. However, several days’ standing in solution results 
in some decomposition, as evidenced by the fact that a diffusion 
determination on an older sample gave diffusion coefficients 
which increased progressively with time of diffusion and were 
30 to 40% higher than normal. This solution showed a new 
component of s2,,. = 5.8 S, which would account for the ab- 
normal diffusion behavior. 

Protein-bound Lipoic Acid—It is apparent from the data in 
Tables I and II that protein-bound lipoic acid concentrates 
with the pyruvate and a-ketoglutarate dehydrogenation com- 
plexes during purification. The average amount of bound 
lipoie acid found in five different preparations of the purified 
pyruvate dehydrogenation complex was 8.4 X 10-* umole per 
mg of protein (range, 7.9 to 9.1 X 10-* wmole). The average 
lipoic acid content of the purified a-ketoglutarate dehydrogena- 
tion complex was 4.7 X 10-* ymole per mg of protein (range, 
4.1 to 5.4 xX 10% umole). These values correspond, respec- 
tively, to 40 and 11 moles of bound lipoic acid per mole of com- 
plex. Less than 2% of the radioactivity associated with the 
pyruvate dehydrogenation complex was extracted by successive 
treatments with (a) cold 5% perchloric acid, (6) hot alcohol- 
ether (3:1), and (c) 10% trichloroacetic acid at 90° for 15 min- 
utes. Similar results were obtained by Sanadi et al. (21) in 
attempts to extract lipoic acid from the mammalian a-ketogluta- 
rate dehydrogenation complex. These findings are consistent 
with previous observations (22-24) that release of lipoic acid 
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from tissues required hydrolysis with acid or base, and with the 
recent finding in this laboratory (25) that lipoic acid is bound 
in both the E. coli pyruvate and a-ketoglutarate dehydrogena- 
tion complexes in amide linkage to the epsilon amino group of a 
lysine residue. 

Flavin Component—The yellow color and fluorescence of the 
complexes suggested the presence of a flavin. The absorption 
spectrum of the pyruvate dehydrogenation complex showed a 
broad shoulder from 400 to 460 my, with a minor peak at 455 
mu (Fig. 5, Curve 1). Absorption in the 400 to 500 my region 
was significantly decreased after addition of dithionite (Curve 2). 
The absorption spectrum of the a-ketoglutarate dehydrogena- 
tion complex showed maxima at 350 my and 455 my, and a 
shoulder at 480 my (Fig. 6, Curve 1). The difference spectrum, 
after addition of dithionite (Curve 3), resembled that obtained 
with the pyruvate dehydrogenation complex. 

Aliquots of the two complexes were acidified with perchloric 
acid, centrifuged, and the supernatant fluids were neutralized 
with potassium hydroxide and recentrifuged. The absorption 
spectrum of the protein-free extract of the pyruvate dehydro- 
genation complex (Fig. 5, Curve 4) was similar to the spectrum 
of FAD, showing maxima at 260, 370, and 450 my. Paper 
chromatography of the extracts in butanol-acetic acid-water, 
5% disodium hydrogen phosphate, and phenol-butanol-water 
revealed a single yellow, fluorescent spot with Ry values identi- 
cal with those of FAD (26). Additional evidence that the flavin 
in the complexes is FAD is furnished in an accompanying paper 
(27). The flavin content of the complexes was determined 
according to Beinert and Page (28) by measuring the absorbancy 
of neutralized trichloroacetic acid extracts at 450 my before and 
after reduction with dithionite. From these measurements the 
average flavin content of five different preparations of the puri- 
fed pyruvate and a-ketoglutarate dehydrogenation complexes 
was calculated to be 2.7 X 10-3 (range, 2.6 to 2.8 x 10-*) and 
40 X 10-* (range, 3.9 to 4.1 X 10-*) umole per mg of protein, 
respectively. Estimations based on the difference in absorb- 
ancy at 455 my, when the intact complexes were reduced by an 
excess of dithionite (cf. Figs. 5 and 6), gave values for flavin 
which did not differ significantly from those determined as 
described above. In both cases the molar extinction coefficient 
10.3 X 10° em? mole-! (28) was used. The flavin values corre- 
spond to approximately 13 moles per mole of pyruvate dehydro- 
genation complex and 10 moles per mole of a-ketoglutarate 
dehydrogenation complex. 

Other Components—The purified pyruvate and a-ketoglutarate 
dehydrogenation complexes contained little, if any, bound pyri- 
dine nucleotide, as determined fluorometrically by the method of 
Levitas et al. (29). Fluorescent material corresponding to 
approximately 1.6 X 10-* ymole of DPN per mg of protein was 
detected. All preparations of the purified pyruvate dehydro- 
genation complex examined showed absolute dependence on 
added CoA and DPN in the dismutation assay, and partial 
dependence on added thiamine-PP. The dismutation rate in 
the absence of thiamine-PP was approximately 40% of that 
obtained with thiamine-PP present. No effect on the dismuta- 
tion rate was observed with added magnesium sulfate. The 
a-ketoglutarate dehydrogenation complex showed partial de- 
pendence (50%) on added thiamine-PP in the DPN reduction 
assay. No stimulation was observed with added magnesium 
sulfate. Preparations of the purified complexes showed absorb- 
ancy ratios at 280 and 260 my of 1.3 to 1.4, suggesting the pres- 
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ence of approximately 1% nucleic acid (30). Lipid, extracted 
into hot methanol-chloroform (2:1) and then into petroleum 
ether, amounted to approximately 1% of the dry weight of the 
preparations. 


DISCUSSION 


This investigation indicates that the CoA- and DPN-linked 
pyruvate and a-ketoglutarate dehydrogenation systems in ex- 
tracts of E. coli are structural units of high molecular weight, 
apparently similar to those isolated previously from mammalian 
tissues. The purified complexes exhibit the various enzymatic 
activities shown previously to be associated with E. coli Frac- 
tions A, A’, and B (8, 12). It seems highly probable that the 
latter fractions are derived from the complexes, since the same 
E. coli extract has yielded the purified complexes when fraction- 
ated by the procedure described in this paper, and Fractions A, 
A’, and B when fractionated according to the procedure of 
Hager and Gunsalus (8, 12). 

The ratio of bound lipoic acid to FAD in the a-ketoglutarate 
dehydrogenation complex is approximately 1:1, whereas the 
ratio is approximately 3:1 in the pyruvate dehydrogenation 
complex. The basis of these different ratios is not known at 
present. The large molecular weights of the two complexes 
and the presence of a relatively large number of moles of lipoic 
acid and FAD per mole of each complex suggest that the com- 
plexes may be aggregates of smaller molecular weight units. 
Assuming 1 molecule of flavin per unit, the minimum molecular 
weight of the postulated subunits of the pyruvate and a-keto- 
glutarate dehydrogenation complexes would be approximately 
370,000 and 240,000, respectively. 

The claim of Sanadi e¢ al. (31) that dihydrolipoic transacety- 
lase, as measured with substrate amounts of dihydrolipoic acid, 
is not a component of the Z. colt pyruvate dehydrogenation sys- 
tem is difficult to reconcile with the present finding that the 
ratio of dihydrolipoic transacetylase activity to pyruvate dis- 
mutation activity remained constant over a 250-fold range of 
purification of the pyruvate dehydrogenation complex. Un- 
equivocal evidence that dihydrolipoic transacetylase is an inte- 
gral part of the pyruvate dehydrogenation complex must await 
resolution of the complex followed by a demonstration that 
reconstitution of an active system requires dihydrolipoic trans- 
acetylase. Hager (12) and Chin and Gunsalus (32) have re- 
ported a partial separation of dihydrolipoic transacetylase from 
other enzymes constituting the pyruvate dehydrogenation sys- 
tem, but details of the experiments have not been published. 


SUMMARY 


Coenzyme A- and diphosphopyridine nucleotide-linked pyru- 
vate and a-ketoglutarate dehydrogenation systems have been 
obtained in a highly purified state from Escherichia coli extracts. 
These systems appear to be “multienzyme” units. The molecu- 
lar weights of the units calculated from sedimentation and diffu- 
sion coefficients are 4.8 million and 2.4 million, respectively. 
The pyruvate dehydrogenation complex contains approximately 
40 moles of bound lipoic acid and 13 moles of flavin adenine di- 
nucleotide per mole of protein and the a-ketoglutarate dehydro- 
genation complex contains approximately 11 moles of bound 
lipoic acid and 10 moles of flavin adenine dinucleotide per mole 
of protein. 
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Pyruvate and a-ketoglutarate dehydrogenation systems which 
catalyze Reaction 1 have been isolated from Escherichia coli 
extracts as structural units of high molecular weight (1). This 
RCOCO:H + CoA—SH + DPN — 

RCO—S—CoA + CO, + DPNH + H* 
reaction can be conveniently followed, with pyruvate as sub- 
strate, by coupling it with the phosphotransacetylase and lactic 
dehydrogenase reactions (Reactions 2 and 3) to give the pyru- 
vate dismutation reaction (Reaction 4) (2). The pyruvate de- 

CH;CO—S—CoA + HPO," = CH;COOPO;" + CoA—SH (2) 
DPNH + H+ + CH;COCO.H = DPN + CH;CHOHCO:H (3) 


(1) 


hydrogenation complex, in the presence of appropriate supple- 
2CH;COCO.H + HPO > 

CH;COOPO;- + CO, + CH;CHOHCO:H 
ments, also catalyzes reactions involving substrate amounts of 


lipoie acid or dihydrolipoic acid (Reactions 5 to 7), and the 
oxidation of pyruvate with ferricyanide as electron acceptor 


(CoA) 


————— 


CH;COCO:.H + LipSs,! + HPO," 


(5) 





(CoA) 
CH,;,COOPO;- + Lip(SH)>. e—- (6) 
CH;CO—S—Lip—SH! + HPO,- 
(DPN) 
Lip(SH), + CH;COCO.H ©———= (7) 


LipS. + CH;CHOHCO:H 

(Reaction 8) (1). 
RCOCO2H + 2 Fe(CN)«-* + H:O > 

RCO2:H + CO2 + 2 Fe(CN)«* + 2H* 


Reaction 5 requires coenzyme A and phos- 
(8) 


photransacetylase (3). Reaction 6 involves a coupling of Reac- 
tion 2 (from right to left) and the dihydrolipoic transacetylase 
reaction (Reaction 9) (4, 5). Reaction 7 involves a coupling 


CH;CO—S—CoA + Lip(SH)2 = 
CH;CO—S—Lip—SH + CoA—SH 


' The abbreviations used are: LipS:, free lipoic acid; Lip(SH)z, 
free dihydrolipoie acid; CH;CO—S—Lip—SH, free S-acety] dihy- 
drolipoic acid; FMN, flavin mononucleotide. Protein-bound 
lipoic acid and derivatives are designated as shown in Reactions 
12 to 14. 


(9) 





of the dihydrolipoic dehydrogenase reaction (Reaction 10) (6) 
and Reaction 3. The a-ketoglutarate dehydrogenation complex 


Lip(SH): + DPN = LipS: + DPNH + H+ (10) 


also catalyzes Reaction 7 and Reaction 8 (with a-ketoglutarate 
as substrate) (1). 

Both the pyruvate and a-ketoglutarate dehydrogenation com- 
plexes contain protein-bound lipoic acid and flavin adenine di- 
nucleotide (1). In a previous publication (7) it was shown that 
lipoyl-X hydrolase released protein-bound lipoic acid from a 
partially purified Z. coli pyruvate dehydrogenation system and 
that the apopyruvate dehydrogenation system produced could 
be reactivated by incubation with lipoic acid, adenosine triphos- 
phate, and a lipoic acid-activating enzyme system. Release of 
protein-bound lipoic acid resulted in a loss of enzymatic activi- 
ties represented by Reactions 4 and 5, but did not affect those 
activities represented by Reactions 6 and 7. These results have 
been confirmed and extended in the present investigation with 
highly purified preparations of the pyruvate and a-ketoglutarate 
dehydrogenation complexes. Also, evidence indicating the par- 
ticipation of flavin adenine dinucleotide in Reactions 1, 4, 5, and 
7 and pointing to its function as coenzyme of dihydrolipoiec de- 
hydrogenase is presented. Some of this work has been reported 
briefly (8). 


EXPERIMENTAL PROCEDURE 


The pyruvate and a-ketoglutarate dehydrogenation complexes 
were isolated from sonic extracts of E. coli cells which had been 
grown in the presence of DL-lipoic acid-8,**, and contained bound, 
radioactive lipoic acid (1). Fractions A and B were obtained 
from the same extracts essentially as described by Hager and 
Gunsalus (4, 5). In confirmation of their observation, bound 
lipoic acid concentrates in Fraction A, but not in Fraction B. 
The preparations of Fraction A used in this investigation corre- 
spond to the 0.36 to 0.48 and 0.36 to 0.40 saturated ammonium 
sulfate fractions and the calcium phosphate gel eluate. Frac- 
tion B, corresponding to the 0.6 to 0.7 saturated ammonium 
sulfate fraction, was purified by chromatography on a calcium 
phosphate gel-cellulose column as described in an accompanying 
paper (9). 

The assay system for Reaction 5 is a modification of that 
described by Gunsalus (3). The complete reaction mixture con- 
tained 100 umoles of potassium phosphate buffer (pH 7.0), 50 
umoles of potassium pyruvate, 5 wmoles of pL-lipoamide (in 0.05 
ml of 95% ethanol), 0.3 umole of MgSO,, 0.2 umole of thia- 
mine-PP, 0.02 umole of CoA, 2 units of phosphotransacetylase, 
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TABLE I 


Effect of release and reincorporation of lipoic acid on enzymatic 
activities of pyruvate dehydrogenation complex 


A mixture of 2 ml of E. coli pyruvate dehydrogenation complex 
(17 mg of protein) and 2 ml of lipoyl-X-hydrolase (48 mg of pro- 
tein, specific activity 59 (7)) was incubated for 1 hour at 30°. 
The incubation mixture was diluted to 5 ml with 0.02 m phosphate 
buffer (pH 7.0) and centrifuged for 3 hours at 173,000 X g. The 
yellow pellet (15.9 mg of protein) was dissolved in 1.8 ml of phos- 
phate buffer. This solution is designated inactivated sample. 
A mixture of 1 ml of the pyruvate dehydrogenation complex and 
1 ml of 0.02 m phosphate buffer was treated in the same manner, 
and served as the control sample. One milliliter of the inac- 
tivated sample (8.8 mg of protein) was incubated for 1 hour at 
30° with a mixture containing the lipoic acid-activating system 
(gel-treated HE. coli Fraction PS’-1 (10); 26 mg of protein), 0.3 
umole of pi-lipoic acid-S2*° (2.64 X 104 c.p.m. per ywg.), 1 umole of 
ATP, and 10 umoles of MgCl, in a final volume of 3.0 ml. The 
incubation mixture was diluted to 5 ml with phosphate buffer 
and centrifuged for 3 hours at 173,000 X g. The yellow pellet 
was dissolved in 5 ml of phosphate buffer and the solution was 
recentrifuged for 3 hours at 173,000 X g. The pellet (7.2 mg of 
protein) was dissolved in 0.8 ml of phosphate buffer. This solu- 
tion is designated reactivated sample. Repetition of the wash- 
ing procedure with an aliquot (0.25 ml) of the latter sample did 
not change its specific radioactivity. The amounts of pyruvate 
dehydrogenation complex used in the assays were as follows: 
Reaction 1, 1 to 2 ug; Reaction 4, 1 to 3 ug; Reaction 5, 5 to 10 
ug; Reaction 6, 10 to 20 ug; Reaction 7, 1 to 3 ug; Reaction 8, 100 
to 200 ug; radioactivity, 80 wg. The preparations of lipoyl-X 
hydrolase and the lipoic acid-activating system were centrifuged 
for 3 hours at 173,000 X g before use. 


Specific activities 


. nem : —~ | Bound lipoic 

Sample Reac- | Reac- | Reac- | Reac- | Reac- | Reac- wacid 

tion tion tion tion tion tion 

alas Ve 7 8 
, % TR SORRS sara Vege Ban ere" 
protein 
Inactivated | 0 | 0 0 109 | 1314 11 0.08 
Reactivated | 258 | 1000 | 169 | 104 | 1222| 9 1.81 
Control | 288 1.87 


1050 | 188 | 112 | 1326}; ll 


and pyruvate dehydrogenation complex in a final volume of 1 
ml. The mixture was incubated for 1 hour at 30° and then 
assayed for acetyl phosphate and sulfhydryl Pertinent infor- 
mation concerning other assay procedures, enzyme preparations, 
and source of materials is provided in previous papers (1, 7, 10). 
Crystalline alcohol dehydrogenase was obtained from the Worth- 
ington Biochemical Corporation. Unless specified otherwise, 
all specific activities are expressed as ymoles of substrate utilized 
or product formed per hour per mg of protein. 

Spectral changes of the flavin in the pyruvate and a-ketoglu- 
tarate dehydrogenation complexes were measured with a Beck- 
man model DU spectrophotometer equipped with a micro 
attachment. The experiments were carried out under nitrogen 
in specially designed micro cuvettes (1 em light path) equipped 

* The reaction rate with pi-lipoamide was approximately 14 
times that obtained with pL-lipoic acid. In a previous publica- 
tion (7) a 2-fold difference in rates was reported. However, in 


the latter experiments no attempt was made to determine maximal 
rates with the two disulfides. 
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with a Y-shaped adapter provided with valves for gassing# 

Droplets (1 to 2 ul) of concentrated solutions of substrates were 

placed on the walls in the upper part of the cuvette, which were 

coated previously with Desicote.* Additions were mace by 

carefully tilting the cuvette to wash down the droplet (cf. (11)). 
RESULTS 

Release and Reincorporation of Lipoic Acid—In the inactiva- 
tion and reactivation experiments described below advantage 
was taken of the fact that the pyruvate and a-ketoglutarate 
dehydrogenation complexes sediment as pellets in the ultracen- 
trifuge at 173,000 x g to separate the complexes from lipoyl-X 
hydrolase and the lipoic acid-activating system, which remain 
in solution under these conditions. In preliminary experiments 
the minimum amounts of these enzyme preparations required 
to inactivate and reactivate the complexes were determined. 

A preparation of the pyruvate dehydrogenation complex con- 
taining protein-bound, radioactive lipoic acid was incubated 
with lipoyl-X hydrolase for 1 hour at 30° and the mixture was 
centrifuged for 3 hours at 173,000 x g in the No. S39L rotor of 
a Spinco model L ultracentrifuge. Approximately 96% of the 
radioactivity remained in the supernatant fluid. The yellow 
pellet was assayed for the various enzymatic activities associated 
with the pyruvate dehydrogenation complex. The data in 
Table I indicate that the dihydrolipoic transacetylase and dihy- 
drolipoic dehydrogenase activities of the complex, as measured 
with substrate amounts of pu-dihydrolipoic acid (Reactions 6 
and 7), were not affected by release of the protein-bound lipoic 
acid. These model reactions therefore are not mediated through 
the bound cofactor. In contrast to these results, oxidation of 
pyruvate with DPN as electron acceptor (Reactions 1 and 4) 
or with lipoamide as electron acceptor (Reaction 5) did not 
proceed in the absence of protein-bound lipoie acid. It is also 
significant that oxidation of pyruvate with ferricyanide as elec- 
tron acceptor (Reaction 8) was not affected by removal of the 
bound lipoic acid. Incubation of the lipoic acid-deficient com- 
plex with pi-lipoic acid-8,*°, ATP, and the lipoic acid-activating 
system restored those enzymatic activities represented by Reac- 
tions 1,4, and 5. The reactivated complex contained essentially 
the same amount of bound lipoic acid as the original sample. 

In a separate experiment the radioactive material released 
from the pyruvate dehydrogenation complex by lipoyl-X hydro- 
lase was examined by paper chromatography in three different 
solvent systems (Fig. 1). The major radioactive component 
migrated at the same rate as authentic pL-lipoic acid-S,**. The 
minor radioactive component is presumably lipoic acid sulfoxide 
(8-lipoic acid), which is produced from lipoic acid after the latter 
is applied to the paper chromatograms (12). 

Approximately 96% of the bound, radioactive lipoic acid in 
the a-ketoglutarate dehydrogenation complex was released by 
incubation with lipoyl-X hydrolase (Table II). The dihydro- 
lipoic dehydrogenase activity (Reaction 7) of the complex was 
not affected by removal of protein-bound lipoic acid, nor was 
its ability to oxidize a-ketoglutarate with ferricyanide as electron 
acceptor (Reaction 8). However, oxidation of a-ketoglutarate 
with DPN as electron acceptor (Reaction 1) did not proceed in 
the absence of the bound lipoic acid. This activity was restored 

3 Custom built by Hellma, Glastechnische Werkstatten, Miill- 


heim, Baden, Germany, according to specifications furnished by 
Dr. H. Beinert. 


4 Beckman Instruments, Inc., Scientific Instruments Division. 
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Fic. 1. Radioautographs of radioactive material released from 
the pyruvate dehydrogenation complex by lipoyl-X hydrolase. 
A mixture of the pyruvate dehydrogenation complex (11 mg of 
protein; specific activity 1000 in dismutation assay; 1.67 yg of 
radioactive lipoic acid per mg of protein) and lipoyl-X hydrolase 
(9 mg of protein; specific activity 490) in 3.0 ml of 0.02 m phosphate 
buffer (pH 7.0) was incubated for 2 hours at 30° and then centri- 
fuged for 2 hours at 144,000 X g. Approximately 95% of the 
radioactivity remained in the supernatant fluid. The latter was 
yophilized, the residue was extracted with 3 ml of 95% ethanol, 


by incubating the lipoic acid-deficient complex with pL-lipoic 
acid-S,°5, ATP, and the lipoie acid-activating system. The 
amount of radioactive lipoic acid incorporated into the complex 
was essentially the same as that released by lipoyl-X hydrolase. 
These results are consistent with those obtained with the pyru- 
vate dehydrogenation complex and provide additional evidence 
that the bound lipoie acid participates in Reaction 1, but not 
Reactions 7 and 8. 

Reversible Dissociation of Flavin—When the pyruvate dehy- 
drogenation complex was precipitated with ammonium sulfate 
at pH 3.6,5 up to 80% of the bound flavin was released. Con- 
comitant with the loss of flavin, there was a decrease in the fol- 
lowing enzymatic activities: oxidation of pyruvate with DPN 
or with lipoamide as electron acceptor (Reactions 1 and 5), dis- 

’ The pH is critical since at a higher pH no significant amount 


of dissociation of flavin was observed, whereas at a lower pH 
excessive denaturation of protein occurred. 





YioM 





c a” 


and the extract was concentrated to a volume of 0.3 ml by means 
of a stream of nitrogen. Recovery of radioactivity was 74%. 
One-dimensional ascending chromatograms were prepared with 
the following solvent systems: I, 2,6-lutidine-water (65:35); II, 
butanol-acetic acid-water (4:1:1); III, butanol-0.5 N ammonium 
hydroxide. The samples used were: A, 0.6 wg of pL-lipoic acid- 
8.35 (1.6 X 104 ¢.p.m. per ug); B, mixture of A and C; C, 0.02 ml 
of ethanol extract. The air-dried chromatograms were placed on 
x-ray-sensitive film for 58 hours. 


mutation of pyruvate (Reaction 4), and the DPN-linked oxida- 
tion of dihydrolipoic acid (Reaction 7). These activities were 
restored by addition of FAD, but not of FMN (Table ITI). 
Neither the dihydrolipoic transacetylase activity (Reaction 6) 
of the complex nor its ability to oxidize pyruvate with ferricya- 
nide as electron acceptor (Reaction 8) was affected by removal 
of flavin. Since Hager and Gunsalus (5, 6) have shown that 
dihydrolipoic dehydrogenase is required in Reactions 1 and 4 
the data strongly indicate that the flavin in the complex is 
associated with dihydrolipoic dehydrogenase. The requirement 
of FAD in Reaction 5 also suggests that dihydrolipoic dehydro- 
genase is involved in this reaction. Further support for this 
conclusion is furnished below. 

Release of flavin from the a-ketoglutarate dehydrogenation 
complex resulted in a decrease in DPN reduction and dihydro- 
lipoic dehydrogenase activities (Reactions 1 and 7), and these 
activities were restored by addition of FAD, but not of FMN 








TABLE II 


Effect of release and reincorporation of lipoic acid on enzymatic 
activities of a-ketoglutarate dehydrogenation complex 


A mixture of 2 ml of E. coli a-ketoglutarate dehydrogenation 
complex (21 mg of protein) and 1 ml of lipoyl-X hydrolase (24 
mg of protein) was incubated for 75 minutes at 30°. The incu- 
bation mixture was diluted to 5 ml with 0.02 m phosphate buffer 
(pH 7.0) and centrifuged for 3 hours at 173,000 X g. The yellow 
pellet (18 mg of protein) was dissolved in 1.8 ml of phosphate 
buffer. This solution is designated inactivated sample. A mix- 
ture of 1 ml of the a-ketoglutarate dehydrogenation complex and 
0.5 ml of phosphate buffer was treated in the same manner, and 
served as the control sample. One milliliter of the inactivated 
sample (10 mg of protein) was incubated for 1 hour at 30° with a 
mixture containing the lipoiec acid-activating system (13 mg of 
protein), 0.19 umole of pi-lipoic acid-S.**, 1 umole of ATP, and 10 
umoles of MgCle, in a final volume of 2.1 ml. The incubation 
mixture was diluted to 5 ml with phosphate buffer and centri- 
fuged for 3 hours at 173,000 X g. The yellow pellet (7.7 mg of 
protein) was dissolved in 0.9 ml of phosphate buffer. This solu- 
tion is designated reactivated sample. The specific radioactivity 
of the latter sample was not changed by repetition of the washing 
procedure. The amounts of a-ketoglutarate dehydrogenation 
complex used in the assays were as follows: Reaction 1, 1 to 2 ug; 
Reaction 7, 1 to 3 ug; Reaction 8, 20 to 50 ug; radioactivity, 100 
wg. Other conditions were as in Table I. 





Specific activities 





Sample SEE ee a is _ Bound 
Samy : rey lipoic acid 
Reaction 1 | Reaction7 | Reaction 8 | 
ug/mg 
protein 
Inactivated 0 1320 92 0.04 
Reactivated 218 1338 95 0.91 
Control 234 


1336 99 


0.99 


(Table IV). These data provide additional evidence that the 
flavin in the two complexes is associated with dihydrolipoic 
dehydrogenase. The ferricyanide reduction activity (Reaction 
8) of the complex was not affected by removal of flavin. 

Requirement for Dihydrolipoic Dehydrogenase in Reaction 5— 
The finding that FAD is required for oxidation of pyruvate 
with lipoamide as electron acceptor (Table III), coupled with 
the evidence indicating that the flavin is associated with dihy- 
drolipoic dehydrogenase, suggested that the latter enzyme par- 
ticipates in Reaction 5. To test this possibility preparations 
of Fraction A at different stages of purification were assayed 
for dependency on dihydrolipoic dehydrogenase (Fraction B) in 
the pyruvate dismutation assay (Reaction 4) and in the lipo- 
amide reduction assay based on Reaction 5. The results (Table 
V) demonstrate a requirement for dihydrolipoie dehydrogenase 
in both assay systems. 

Reduction and Reoxidation of Bound Flavin—The yellow color 
of the pyruvate and a-ketoglutarate dehydrogenation com- 
plexes was bleached and the fluorescence lost when both pyru- 
vate and CoA, or a-ketoglutarate and CoA, respectively, were 
added under anaerobic conditions. Subsequent addition of 
DL-lipoic acid restored the color and fluorescence. The spectral 
changes at 455 my are shown in Figs. 2 and 3, Curve A. Massey 
(13) obtained similar results with the pig heart a-ketoglutarate 
dehydrogenation complex. The requirement for CoA, in addi- 


tion to pyruvate or a-ketoglutarate, in order to obtain reduction 
of the flavin in the complexes is consistent with the postulated 
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TaBe III 


Effect of release and reincorporation of FAD on enzymatic aciivities 
of pyruvate dehydrogenation complex 

In Experiment 1, 225 mg of solid ammonium sulfate were added 
with stirring to a solution of the pyruvate dehydrogenation com- 
plex (1.84 mg of protein) in 1 ml of 0.02 m phosphate buffer (pH 
7.0) at 4°. The pH was adjusted to 3.6 with cold 1 N sulfurie 
acid containing 220 mg of ammonium sulfate per ml. Stirring 
was continued for 5 minutes, the mixture was centrifuged, and 
the protein was dissolved in 0.5 ml of 0.02 m phosphate buffer 
(pH 7.0). A small amount of insoluble material was removed by 
centrifugation. Recovery of protein was 76%. Aliquots (0.03 
ml) of the cleaved complex were preincubated at 30° for 10 min- 
utes with an equal volume of FMN or FAD solutions (1 umole 
per ml) or phosphate buffer before assay. Final concentration 
of added flavin in the assays was 10-5 to 10° m. Experiment 2 
was carried out in a similar manner with a different preparation 
of the pyruvate dehydrogenation complex. 





Specific activities 





After cleaving 


Before cleaving 














Assay system | sa 
Without FAD | With FAD Rid 
Experi- lExperi- Experi- |Experi- | Experi- |Experi- Experi- 
ment 1 | ment 2/ ment 1 ment 2 | ment 1 | ment 2| ment 1 
/ —— |__| ——__ | —_|- as 
Reaction 1 156 | 20 | | 62 | 20 
Reaction 4 870 | 1174} 214 240 486 680 144 
Reaction 5 90 32 | 64 32 
Reaction 6 112 100 110 100 
Reaction 7 870 | 1040 | 214 278 544 678 | 228 
Reaction 8 14 13 13 


TABLE IV 
Effect of release and reincorporation of FAD on enzymatic activities 
of a-ketoglutarate dehydrogenation complex 
The procedure was similar to that described in Table III 
Different preparations of the a-ketoglutarate dehydrogenation 
complex were used in Experiments 1 and 2. 
Specific activities 





Before cleaving After cleaving 


Assay system 








Without FAD | WithFAD | Mit 
ee, | Ce ere (ee ie es, 
ment 1 | ment 2 
Experi- |Experi- |Experi- | Experi- |Experi- 
ment 1 | ment 2 | ment 1 | ment 2/ ment! 
Reaction 1 192 204 42 36 118 121 42 
Reaction 7 1330 | 1526 544 430 1090 | 1478 554 
Reaction 8 90 88 88 


reductive acylation of bound lipoie acid followed by transfer of 
the acyl group to CoA (5, 7), thereby rendering the bound di- 
hydrolipoic acid available to react with the bound flavin. The 
latter can in turn react with free lipoic acid. 

When DPN was used as oxidant instead of pt-lipoic acid the 
reduced flavin in the complexes was oxidized to only a slight 
extent (Figs. 2 and 3, Curve B). That DPNH was formed in 
these experiments is indicated by the increase in absorbancy at 
340 my on addition of DPN and the subsequent decrease in 
absorbancy at this wave length on addition of acetaldehyde and 
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TABLE V 


Fraction B requirement for lipoamide reduction 
by pyruvate and fraction A 


The amounts of Fraction A used in the dismutation assays 
(with Fraction B) were 5 to 20 ug. Approximately 3 times as 
much Fraction A was used in the lipoamide reduction assays. In 
the absence of Fraction B, 30 to 100 yg of Fraction A were used. 
Where indicated 2.9 wg of Fraction B (specific activity 4900 (9)) 
were added. 





Specific activities 











Fraction A Pyruvate dismutation | Lipoamide reduction 
preparation 
| Without With Without With 
| Fraction B Fraction B Fraction B Fraction B 
1 18 80 13 20 
2 | 19 156 16 41 
3 | 12 94 





330 | 6 





alcohol dehydrogenase or pyruvate and lactic dehydrogenase 
(Figs. 2 and 3, Curve C). It is apparent, however, that the 
amount of DPNH formed is much larger than the amount of 
reduced flavin oxidized. From the absorbancy changes shown 
in Curves B and C it was calculated that the molar ratio of 
DPNH to reoxidized flavin is approximately 25:1. Further- 
more, the ratio of DPNH to reduced flavin is approximately 
2:1. It is to be noted that removal of DPNH was accompanied 
by essentially complete reoxidation of the flavin in both com- 
plexes (Figs. 2 and 3, Curve B). A possible explanation of these 
results is that all or part of the flavin turns over more than 
once and that the DPNH formed inhibits further oxidation of 
flavin by DPN. When the DPNH is removed by acetaldehyde 
and alcohol dehydrogenase or pyruvate and lactic dehydrogenase 
reoxidation of the flavin by DPN is observed. As shown in an 
accompanying paper (9) and independently by Notani and 
Gunsalus (14) DPNH apparently inhibits reduction of lipoic 
acid and lipoamide by E. coli dihydrolipoic dehydrogenase. 
Under conditions similar to those used in Fig. 3, Curve B, 
Massey (13) observed a substantial reoxidation by DPN of the 
flavin in the pig heart a-ketoglutarate dehydrogenation complex. 


> However, the amount of DPNH formed in the latter experiment 


was not reported. The different results obtained with the Z. 
coli and pig heart complexes probably reflect differences in the 
properties of the bacterial and mammalian dihydrolipoic dehy- 
drogenases (cf. (9)). e 


DISCUSSION 


The results reported in this paper can be explained satisfac- 
torily by means of the reaction sequence shown below. This 
scheme is a modification of that proposed previously by Gun- 
salus (5) and incorporates recent findings that the catalytically 
active lipoic acid is bound to protein in covalent linkage through 
its carboxyl group (7, 15) and that FAD is required in the over- 
all reaction (8, 13). 


RCOCO.H + thiamine-PP = 
{RCHO—thiamine-PP] + CO, 


(11) 
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Fic. 2. Anaerobic reduction and reoxidation of the flavin in 
the pyruvate dehydrogenation complex. Curve A, 1.8 mg of com- 
plex (specific activity 1138 in pyruvate dismutation assay) and 
0.01 umole of thiamine-PP in 0.25 ml of 0.05 M potassium phosphate 
buffer (pH 7.0); 0.1 umole of potassium pyruvate was added at 
1 minute, 0.02 umole of CoA and 0.2 umole of L-cysteine at 2 min- 
utes, and 0.4 umole of pL-potassium lipoate at 10 minutes. Ab- 
sorbancy was measured at 455 mp. Curves B and C, 1.6 mg of 
complex (specific activity 908) and 0.01 umole of thiamine-PP in 
0.25 ml of 0.05 m phosphate buffer (pH 7.0); 0.1 umole of pyruvate 
was added at 1 minute, 0.02 umole of CoA and 0.2 umole of L- 
cysteine at 2 minutes, 0.1 umole of DPN at 8 minutes, and 1 ymole 
of acetaldehyde and 20 units of crystalline aleohol dehydrogenase 
at 15 minutes. Absorbancy was measured at 455 mu (Curve B) 
and at 340 mu (Curve C). The temperature was 4°. Pyr, Ald, 
and ADH represent, respectively, pyruvate, acetaldehyde, and 
alcohol dehydrogenase. 


R’ 
[RCHO—thiamine-PP] + 2 bs i - 
Coe (12) 
ae 
a Ba + thiamine-PP 
HS  $8—COCH, 
R’ 
Piee 2 + HS—CoA = 
HS  S—COCH, 
(13) 
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Fig. 3. Anaerobic reduction and reoxidation of the flavin in 
the a-ketoglutarate dehydrogenation complex. Curve A, 1.4 mg 
of complex (specific activity 86 in ferricyanide reduction assay) 
and 0.01 umole of thiamine-PP in 0.20 ml of 0.05 m phosphate 
buffer (pH 7.0); 0.2 umole of potassium a-ketoglutarate was added 
at 1 minute, 0.02 umole of CoA and 0.2 umole of L-cysteine at 2 
minutes, and 0.4 umole of pL-potassium lipoate at 10 minutes. 
Absorbancy was measured at 455 my. Curves B and C, 0.84 mg 
of complex (specific activity 103) and 0.01 umole of thiamine-PP 
in 0.25 ml of 0.05 m phosphate buffer (pH 7.0); 0.1 umole of a-keto- 
glutarate was added at 1 minute, 0.02 umole of CoA and 0.2 umole 
of L-cysteine at 2 minutes, 0.1 zmole of DPN at 8 minutes, and 0.1 
umole of pyruvate and 20 units of crystalline lactic dehydrogenase 
at 15 minutes. Absorbancy was measured at 455 mp (Curve B) 
and at 340 mu (Curve C). The temperature was 4°. KG, Pyr, 
and LDH represent, respectively, a-ketoglutarate, pyruvate, and 
actic dehydrogenase. 


R’ R’ 

a 

“Nf +FAD@ ~ ‘\( +FADH: (14) 
HS SH s——s 

FADH: + DPN = FAD + DPNH + H+ (15) 


R = CH;—, HOOC(CH:).— R’ = —(CH.)s<CO—enzyme 


The availability of a method of releasing the catalytically 
active lipoic acid from protein and of reactivating the apoen- 
zyme (7) has provided direct evidence of involvement of pro- 
tein-bound lipoic acid in Reaction 1 and has permitted some 
clarification of the mechanism of model reactions catalyzed by 
the pyruvate and a-ketoglutarate dehydrogenation complexes 
and enzymatic components thereof. Thus, it was shown in a 
previous paper (7), and corroborated in the present investiga- 
tion, that release of protein-bound lipoic acid did not affect the 
dihydrolipoic transacetylase and dihydrolipoic dehydrogenase 
activities of the pyruvate dehydrogenation complex as measured 


Mechanism of a-Keto Acid Oxidation 






Vol. 235, No.7 


in the model systems (Reactions 6 and 7) with substrate amounts 
of dihydrolipoic acid. The dihydrolipoic dehydrogenase actiy- 
ity of the a-ketoglutarate dehydrogenation complex also was 
not affected by release of protein-bound lipoic acid. ‘These 
results and the fact that highly purified Z. coli dihydrolipoie 
dehydrogenase does not contain a detectable amount of bound 
lipoic acid (cf. (9)) indicate that the over-all model reactions 
(Reactions 6 and 7) and, therefore, the component reactions 
(Reactions 9 and 10) are not mediated through protein-bound 
lipoic acid. Apparently dihydrolipoic dehydrogenase and dihy- 
drolipoic transacetylase can react with the catalytically active 
bound cofactor or, alternatively, with free dihydrolipoic acid, 
Since the available evidence indicates that the lipoyl moicty in 
the pyruvate dehydrogenation complex is not attached to either 
dihydrolipoic transacetylase or dihydrolipoic dehydrogenase it 
would appear to be linked to an enzyme which catalyzes one 
of the earlier steps in pyruvate (and a-ketoglutarate) dehydro- 
genation, presumably Reaction 12. As yet the individual en- 
zymes presumed to catalyze Reactions 11 through 13 have not 
been isolated. The isolation of these enzymes from the com- 
plexes and reconstitution of active systems will be required for 
verification of the postulated reactions and further elucidation 
of mechanism. 

Gunsalus et al. (3, 16) reported previously that a small amount 
of a thioester, presumed to be S-acetyl dihydrolipoic acid, was 
produced when a partially purified preparation of EZ. coli Frae- 
tion A was incubated with pyruvate, thiamine-PP, and a sub- 
strate amount of pL-lipoic acid. When the incubation mixture 
was supplemented with phosphotransacetylase, inorganic phos- 
phate, and a catalytic amount of CoA, substantial and equiva- 
lent amounts of acetyl phosphate, dihydrolipoic acid, and C0, 
were produced (Reaction 5). These results were interpreted as 
indicating a reductive acetylation of lipoic acid, followed by 
acetyl transfer to CoA and then to phosphate. The occurrence 
of Reaction 5 has been confirmed with preparations of the E. 
coli pyruvate dehydrogenation complex. However, attempts 
to produce hydroxylamine-reactive material in the absence of 
exogenous CoA were unsuccessful. Sanadi et al. (17) also re- 
ported failure to demonstrate synthesis of S-acetyl dihydrolipoie 
acid from pyruvate and free lipoic acid in the presence of £. 
coli Fraction A. In addition to the CoA requirement in Reac- 
tion 5, it was shown in a previous paper (7) and corroborated in 
the present investigation (Table 1) that protein-bound lipoie 
acid participates in the reaction. These cofactor requirements 
were interpreted previously (7) as indicating that the sequence 
in Reaction 5 is Reactions 11 to 13 followed by the phospho- 
transacetylase reaction (Reaction 2). To account for the for- 
mation of free dihydrolipoic acid (or dihydrolipoamide) it was 
suggested that protein-bound dihydrolipoic acid, produced in 
Reaction 13, might be oxidized by free lipoic acid (or lipoamide) 
in a “disulfide interchange” type of reaction. The present 
finding that FAD is required in Reaction 5 renders unlikely a 
disulfide interchange reaction and suggests that the free dihy- 
drolipoic acid (or dihydrolipoamide) is produced by reaction of 
reduced flavin formed in Reaction 14 with free lipoic acid (or 
lipoamide), z.e. Reaction 16. The flavin requirement in Reac- 


LipS. + FADH, = Lip(SH): + FAD (16) 


tion 5 can be attributed to participation of dihydrolipoie dehy- 
drogenase in this reaction (cf. Table V). Direct evidence that 
E. coli dihydrolipoic dehydrogenase (Fraction B) is a flavopro- 











tein 
evid 


16, | 
This 
chat 
vate 
tion 
sequ 
assu 
Fra: 
CoA 
serv 
pyr" 
thre 
Rea 
free 
reas 
cov: 


oxic 
vat 
cya 
pro’ 
min 
colt 
ferr 
con 


IRC 


pr: 
dir 
th 
ev 
fla 
pr 
th 





» No.7 






mounts 
e actiy- 
Iso was 

These 
lrolipoie 
f bound 
eacctions 
eactions 
n-bound 
id dihy- 
y active 
ic acid, 
oiety in 
0 either 
enase it 
'ZeS one 
lehydro- 
Jual en- 
lave not 
he com- 
lired for 
cidation 


amount 
cid, was 
oli Frae- 
1 a sub- 
mixture 
ic phos- 
- equiva- 
and CO, 
yreted as 
owed. by 
currence 
f the E. 
attempts 
sence of 
also re- 
drolipoic 
ce of EF. 
in Reac- 
orated in 
nd lipoie 
lirements 
sequence 
phospho- 
' the for- 
e) it was 
duced in 
poamide) 
» present 
inlikely a 
ree dihy- 
action of 
- acid (or 
in Reae- 


(16) 


oie dehy- 
ence that 
flavopro- 





July 1960 


tein is presented in an accompanying paper (9). The available 
evidence indicates that Reaction 5 is the sum of Reactions 11 to 
14, involving protein-bound lipoic acid, and Reactions 2 and 
16, the latter reaction involving free lipoic acid (or lipoamide). 
This proposed reaction sequence is consistent with the spectral 
changes observed in Fig. 2, Curve A, i.e. addition of both pyru- 
vate and CoA reduced the flavin in the pyruvate dehydrogena- 
tion complex and reoxidation of the flavin was observed on sub- 
sequent addition of pL-lipoic acid. Granted the reasonable 
assumption that the partially purified preparations of EF. coli 
Fraction A used by Gunsalus et al. (3, 16) contained traces of 
CoA and dihydrolipoic dehydrogenase (Fraction B), their ob- 
servation that a small amount of thioester is produced from 
pyruvate and free lipoic acid may be attributed to Reactions 11 
through 14, involving protein-bound lipoic acid, followed by 
Reaction 16 with free lipoic acid, and then Reaction 9 with the 
free dihydrolipoic acid produced in Reaction 16. It seems 
reasonable to conclude that free lipoic acid cannot replace the 
covalently bound lipoic acid in acyl generation from a-keto acids. 

Evidence has been presented in this communication that 
oxidation of pyruvate and a-ketoglutarate by the E. coli pyru- 
vate and a-ketoglutarate dehydrogenation complexes with ferri- 
cyanide as electron acceptor (Reaction 8) requires neither 
protein-bound lipoic acid nor FAD. A requirement -for thia- 
mine-PP in this reaction was demonstrated previously with E. 
coli Fractions A and A’ (4, 5). These results suggest that 
ferricyanide reacts with the postulated ‘“aldehyde-thiamine-PP” 
compound, presumably by way of Reaction 17. The observa- 


{(RCHO—thiamine-PP] + 2 Fe(CN).* + H.0 — 


(17) 
RCO.H + 2 Fe(CN),~ + thiamine-PP + 2H*+ *~ 


tion of Sanadi et al. (17) that oxidation of a-ketoglutarate by 
the pig heart a-ketoglutarate dehydrogenation complex with 
ferricyanide as electron acceptor is not arsenite-sensitive is 
consistent with this suggestion, notwithstanding the implication 
of these authors that bound lipoic acid is involved in Reaction 
8. Apparently ferricyanide can function at still another site in 
a-keto acid oxidation, possibly with a flavoprotein, in view of 
the observation of Hager and Gunsalus (4, 5) that lipoic acid 
stimulated markedly the oxidation of pyruvate by lipoic acid- 
deficient Streptococcus faecalis cells with ferricyanide as electron 
acceptor. It is to be noted (Tables I and II) that the rate of 
a-ketoglutarate oxidation by the a-ketoglutarate dehydrogena- 
tion complex with ferricyanide as electron acceptor is approxi- 
mately 10 times as fast as the rate of pyruvate oxidation by the 
pyruvate dehydrogenation complex under similar conditions. 
Furthermore, the latter rate is only one-hundredth the dismuta- 
tion rate. A similar difference in the ferricyanide reduction 
and pyruvate dismutation rates was noted by Hager and Gun- 
salus (4, 5) with purified Z. coli Fraction A. Clarification of 
these differences in rate must await isolation from the complexes 
of the enzymes presumed to catalyze Reaction 11. 

Since the reduction of FAD by DPNH is considered to be 
practically irreversible with respect to the free nucleotide, the 
direction of electron transfer observed with the flavoprotein in 
the complexes (cf. Reaction 15) is somewhat unexpected. How- 
ever, it should be noted that the two systems linked by the 
flavoprotein, i... DPNH-DPN and Lip(SH)2-LipS:, have ap- 
proximately the same reduction potential in the free state and, 
therefore, interaction of these two systems would be expected 
to be readily reversible on thermodynamic grounds. The po- 
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tential of the DPNH-DPN system is —0.320 volt at pH 7.0 (18) 
and that of the Lip(SH).-LipS, system is —0.294 volt at pH 7.1, 
based on equilibrium measurements of Reaction 10 (19), and 
—0.325 volt at pH 7.0 based on polarographic measurements 
(20). Also of significance with respect to Reaction 15 is the 
recent report of Searls and Sanadi (21) that the reduction poten- 
tial of dihydrolipoic dehydrogenase prepared from the pig heart 
a-ketoglutarate dehydrogenation complex is approximately 
—0.34 volt at pH 7.0. A note of caution is in order, however, 
lest undue importance be attached to the physiological signifi- 
cance of Reaction 15. The fact that the mammalian and bac- 
terial pyruvate and a-ketoglutarate dehydrogenation complexes 
can couple with DPN in vitro does not necessarily mean that 
DPN is the physiological electron acceptor for these complexes. 
It is conceivable that in vivo the complexes are linked directly 
to the electron transport chain, possibly to a flavoprotein or 
cytochrome 6, and that electron transport from a-keto acid to 
molecular oxygen is not mediated by DPN. This possibility 
has yet to be investigated. 


SUMMARY 


The effect of release and reincorporation of lipoic acid and 
flavin adenine dinucleotide on the enzymatic activities of the 
Escherichia coli pyruvate and a-ketoglutarate dehydrogenation 
complexes was determined. The results indicate that both 
protein-bound lipoic acid and flavin adenine dinucleotide are 
required for oxidation of pyruvate and a-ketoglutarate with 
diphosphopyridine nucleotide as electron acceptor. Both co- 
factors are also required for oxidation of pyruvate with free 
lipoic acid (or lipoamide) as electron acceptor. Flavin adenine 
dinucleotide, but not protein-bound lipoic acid, is required for 
dihydrolipoic dehydrogenase activity of both complexes as meas- 
ured with free dihydrolipoic acid. Neither cofactor is required 
for oxidation of pyruvate or a-ketoglutarate with ferricyanide 
as electron acceptor, nor for dihydrolipoic transacetylase activity 
of the pyruvate dehydrogenation complex as measured with free 
dihydrolipoic acid. It appears that the site of ferricyanide 
action is at the ‘“‘aldehyde-thiamine pyrophosphate” level. The 
flavin in the pyruvate and a-ketoglutarate dehydrogenation 
complexes is reduced on addition of both pyruvate and coen- 
zyme A and a-ketoglutarate and coenzyme A, respectively, and 
reoxidized on addition of lipoic acid. The data strongly indi- 
cate that the flavin in the complexes is associated with dihydro- 
lipoic dehydrogenase, and that the sequence of electron transfer 
is pyruvate (a-ketoglutarate) — bound lipoic acid — FAD > 
DPN (or free lipoic acid). A reaction sequence for the coen- 
zyme A- and diphosphopyridine nucleotide-linked oxidative 
decarboxylation of pyruvate and a-ketoglutarate which is con- 
sistent with the available data is presented. 
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a-Keto Acid Dehydrogenation Complexes 
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Evidence indicating that flavin adenine dinucleotide is an 
essential component of coenzyme A- and diphosphopyridine 
nucleotide-linked pyruvate and a-ketoglutarate dehydrogenation 
complexes of Escherichia coli and pointing to its association with 
dihydrolipoie dehydrogenase has been presented in a previous 
paper (1). In the present investigation dihydrolipoic dehydro- 
genase has been obtained in a highly purified state from Z. coli 
extracts and shown to be a flavoprotein. Some of the properties 
of the enzyme are described. A brief report of these results has 
appeared elsewhere (2). While these studies were in progress 
Massey (3, 4) presented evidence indicating that Straub’s diaph- 
orase and pig heart dihydrolipoic dehydrogenase are identical 
and that diaphorase is an essential component of the pig heart 
a-ketoglutarate dehydrogenation complex. Searls and Sanadi 
(5) reported recently that a flavoprotein which exhibits dihydro- 
lipoie dehydrogenase and diaphorase activities is released from 
the mammalian a-ketoglutarate dehydrogenation complex by 
tryptic digestion. Notani and Gunsalus (6) have obtained in- 
dependent evidence that E. coli dihydrolipoic dehydrogenase is 
a flavoprotein. 

EXPERIMENTAL PROCEDURE 


E. coli (Crookes strain) was grown in the presence of DL-lipoic 
acid-S.*> and cell-free extracts were prepared as described pre- 
viously (7). Dihydrolipoic dehydrogenase (Fraction B) activity 
was determined in the pyruvate dismutation assay (8) in the 
presence of excess Fraction A, and in the assay system of Hager 
and Gunsalus (9, 10). These assays are based on Reactions 1 
and 2, respectively. In the latter assay the oxidation of dihy- 


2 Pyruvate + phosphate — acetyl phosphate + 
CO, + lactate 


(1) 


(DPN) 


Lip(SH).! + pyruvate <——— LipS, + lactate (2) 


drolipoie acid by DPN (Reaction 3), catalyzed by dihydrolipoic 
dehydrogenase, is coupled to the reduction of pyruvate by DPNH 
and lactic dehydrogenase (Reaction 4). Specific activities are 
Lip(SH): + DPN = LipS: + DPNH + H+ (3) 

DPNH + H* + pyruvate @ DPN + lactate (4) 
expressed as wmoles of acetyl phosphate formed per hour per 
mg of protein (Reaction 1) and ymoles of dihydrolipoic acid oxi- 


‘The abbreviations used are: Lip(SH):, dihydrolipoic acid; 
LipS., lipoie acid; FMN, flavin mononucleotide. 
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dized per hour per mg of protein (Reaction 2). Unless specified 
otherwise, specific activities given in the text refer to the latter 
assay. Diaphorase activity was measured spectrophotometri- 
cally at pH 4.8 (0.17 M acetate) with potassium ferricyanide 
(6.67 x 10~* M) as electron acceptor and DPNH (2 x 10-4 m) 
as substrate in a final volume of 3.0 ml (3). One unit corre- 
sponds to a change in absorbancy at 420 my of 1.0 per minute 
at 25°, based on the second and third fifteen second readings. 
Calcium phosphate gel suspended on cellulose was prepared as 
described by Price and Greenfield (11). The gel-cellulose was 
suspended in 0.02 M potassium phosphate buffer (pH 6.0). An- 
aerobic experiments were carried out as described previously (1). 


RESULTS 


Purification of Dihydrolipoic Dehydrogenase—Unless specified 
otherwise, all operations were carried out at 0-5°. E. coli ex- 
tract was fractionated essentially as described by Hager and 
Gunsalus (9, 10) through the heat treatment of the 0.6 to 1.0 
saturated ammonium sulfate fraction (Fraction B). The super- 
natant fluid was then fractionated with saturated ammonium 
sulfate solution. The precipitate obtained between 0.55 and 
0.70 saturation contained essentially all of the dihydrolipoic 
dehydrogenase activity. This fraction was dialyzed overnight 
against 0.02 m phosphate buffer (pH 7.0), and then subjected to 
chromatography on a column (10 ml) of calcium phosphate gel 
suspended on cellulose essentially as described by Massey (3). 
The results are presented in Table I. Dihydrolipoic dehydro- 
genase activity was associated with a bright yellow, fluorescent 
band. A purification of approximately 400-fold was achieved, 
based on the activity of the crude extract (7). The two most 
active fractions from the gel-cellulose column exhibited specific 
activities of 44 and 45, respectively, in the diaphorase assay. 
These fractions did not contain a detectable amount of radio- 
activity, indicating the absence of protein-bound lipoic acid (7). 

Ultracentrifugal Analysis*—A highly purified preparation of 
dihydrolipoic dehydrogenase (specific activity 4760) from the 
gel-cellulose column was dialyzed with stirring against several 
changes of 0.046 m potassium phosphate buffer (pH 6.8), and 
then equilibrated with the last change of buffer for 12 hours. 
Sedimentation determinations were carried out at 6.8° and 3.6° 
in a synthetic boundary cell in a Spinco model E ultracentrifuge. 

2 We wish to thank Dr. William R. Carroll of the Laboratory 


of Physical Biology, National Institute of Arthritis and Metabolic 
Diseases, for these measurements and calculations. 
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Purification of dihydrolipoic dehydrogenase on 
calcium phosphate gel-cellulose column 




















Specific activities 
Fraction Volume Protein | 
Reaction 1 | Reaction 2 
ml meg 
0.55-0.70 (NH,) 280, 16 502 | 114 136 
Effluent 16 Ye | 0 0 
0.1 m phosphate, pH 7.5 20 | 475 5 7 
0.1 m phosphate + 1%| 15 | 10 | 102 | 140 
(NH,4) 280, 
0.1 m phosphate + 4%| 6 | 1.7 470 660 
(NH,).S0, | | 
0.1 m phosphate + 4% | 2.5 | LJ 500 500 
(NH4) 280, | 
0.1 m phosphate + 4% | 2 | 8 | 4500 | 4700 
0.1 m phosphate + 4%| 2 | 3.8 | 4580 | 4840 
(NH,) 280. | | | | 
0.1 m phosphate + 4%| 3 | 1.1 | 2180 | 2770 
| | | 
| | 


(NH) SO, 











Fig. 1. Ultracentrifuge schlieren pattern obtained with dihy- 
drolipoic dehydrogenase in 0.046 m phosphate buffer (pH 6.8) in a 
ynthetic boundary cell at 42,040 r.p.m.; protein concentration, 
8.59 g per 100 ml. Pictures shown were taken at 4-, 20-, 58-, and 
00-minute intervals. Sedimentation proceeds from right to left. 
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Fig. 2. Absorption spectrum of dihydrolipoic dehydrogenase, 
570 ug of protein (specific activity 4840) were dissolved in 0.6 ml 
of 0.02 m phosphate buffer (pH 7.0). Temperature, 25°. 


The schlieren pattern (Fig. 1) showed a single component, 
89,0 = 6.5 X 10-% second. A second determination made at 
one-half the protein concentration gave a value, 8,» = 6.7 X 
10-*% second. The diffusion coefficient, calculated from the 
ultracentrifuge plates by measurement of the half-width at the 
inflection point, was 6.7 X 10-7 cm? sec in the two runs. The 
molecular weight calculated from the average sedimentation and 
diffusion coefficients, assuming the partial specific volume of the 
enzyme to be 0.73 ml per g, was 88,000. 

Flavin Component—Purified preparations of dihydrolipoic de- 
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Fie. 3. Absorption spectra of the oxidized and reduced forms of dihydrolipoic dehydrogenase. 434 ug of protein were dissolved in 


0.3 ml of 0.05 m phosphate buffer (pH 7.5). 


Curve 1, oxidized form; Curve 2, reduced with 0.1 umole of DPNH; Curve 3, reduced with 
0.3 ymole of potassium pu-dihydrolipoate; Curve 4, reduced with dithionite. 


Anaerobic conditions; temperature, 4°. 
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TaBLe II 


Effect of release and reincorporation of FAD on enzymatic activity 
of dihydrolipoic dehydrogenase 

Solid ammonium sulfate, 225 mg, was added with stirring to a 
solution of 293 wg of dihydrolipoic dehydrogenase in 1 ml of 0.02 
mu phosphate buffer (pH 7.0). The pH was adjusted to 3.5 with 
1 Nn sulfuric acid containing 220 mg of ammonium sulfate per ml. 
Stirring was continued for 5 minutes and then 265 mg of solid 
ammonium sulfate were added. The mixture was centrifuged 
and the protein was dissolved in 0.3 ml of 0.02 m phosphate buffer 
(pH 7.0). Recovery of protein was 72%. Aliquots of 0.03 ml of 
the apoenzyme were incubated for 10 minutes at 30° with 0.03 
umole of FAD or FMN, or 0.02 m phosphate buffer (pH 7.0), in a 
total volume of 0.05 ml. The incubation mixtures were diluted 
to 0.3 ml, and 0.01 and 0.02 ml aliquots were assayed as described 
under ‘‘Materials and Methods.”’ 

| 


Specific activities 








Assay system After cleaving 


Before cleaving 





With FMN 





| Without FAD With FAD | 
— | — 
Reaction 1 3150 730 2560 | 730 
Reaction 2 3780 1140 1140 





| 3580 | 





hydrogenase are bright yellow and highly fluorescent. The 
absorption spectrum of the enzyme (Fig. 2) showed maxima at 
273, 359, and 456 my, a shoulder at 480 my, and minima at 315 
and 395 mu. The ratio of the absorbancy at 273 my to that at 
456 mp was 7.6, and the ratio at 359 mu and 456 my was 0.81. 
Fig. 3 shows the absorption spectra of the oxidized (Curve 1) and 
reduced forms of dihydrolipoic dehydrogenase in the visible 
region. The enzyme was bleached by excess dithionite (Curve 
4), and to almost the same extent (90 and 93%, respectively) by 
excess DPNH (Curve 2) and dihydrolipoic acid (Curve 3) under 
essentially anaerobic conditions. No increase in absorbancy in 
the 500 to 600 my region was noted on reduction of the enzyme, 
even with twice the amount of protein used in Fig. 3. 

The preparation of dihydrolipoic dehydrogenase used for 
ultracentrifugal analysis was assayed for flavin by measuring 
the absorbancy of a neutralized trichloroacetic acid extract at 
450 my before and after reduction with dithionite (12). A 
flavin content of 13.3 x 10-* umole per mg of protein (0.50% 
riboflavin) was found. This value corresponds to a minimal 
molecular weight of 75,000. Since a molecular weight of 88,000 
was indicated by ultracentrifugal analysis it appears that the 
enzyme contains one flavin per molecule. The flavin released 
from the enzyme by heat treatment (3 minutes at 100°) was 
indistinguishable from FAD by paper chromatography in buta- 
nol-acetic acid-water, 5% disodium hydrogen phosphate, and 
phenol-butanol-water (13). When dihydrolipoic dehydrogenase 
was precipitated with ammonium sulfate at pH 3.5, the bound 
flavin was released. Concomitant with the loss of flavin, enzy- 
matic activity was lost. The activity was restored by addition 
of FAD but not of FMN (Table II). 

Reversibility of Dihydrolipoic Dehydrogenase Reaction—Hager 
and Gunsalus (9, 14) reported that the reduction of DPN by 
substrate amounts of pu-dihydrolipoic acid in the presence of 
E. coli Fraction B (Reaction 3) proceeded with an initially rapid 
rate, which shifted to a very slow, but prolonged rate. The 
reverse reaction, 7.e. oxidation of DPNH by pt-lipoic acid, pro- 
ceeded at a slower rate and to a lesser extent than the forward 
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reaction. We have, in general, confirmed their observations 
with highly purified E. coli dihydrolipoic dehydrogenase and, 
in addition, have noted some striking but as yet unexplained 
effects of pH and substrate concentration on the rate of DPNH 
oxidation by lipoamide. 

Curves illustrating the effect of pH on the rate and extent of 
DPN reduction by pu-dihydrolipoamide are shown in Fig. 4. 
At pH values in the range 6.5 to 8.4 (Curves 1 to 3) the reaction 
proceeded with an initially rapid rate, which soon shifted to a 
slow but prolonged rate. It appeared that equilibrium was 
rapidly established at a pH of 8.8 to 9.0 (cf. Curve 4). However, 
it is uncertain whether a true equilibrium was reached since the 
reaction measured in the reverse direction (cf. Fig. 5) did not 
proceed to the same extent as in the forward direction. That 
the product measured in Fig. 4 was DPNH is indicated by the 
decrease in absorbance on addition of pyruvate and lactic dehy- 
drogenase to the system (Point B, Curve 4). The initial rate 
(at pH 8.9) was estimated to be 80 wmoles of DPN reduced per 
minute per mg of protein. Curves similar to those shown in 
Fig. 4 were obtained with Tris buffer instead of phosphate buffer 
and with pt-dihydrolipoic acid instead of pi-dihydrolipoamide. 
The initial rates (at pH 8.9) were, respectively, 76% and 50% 
of that obtained under the conditions of Fig. 4, Curve 4. Con- 
firmation of previous reports (1, 14) that E. coli dihydrolipoic 
dehydrogenase does not exhibit optical specificity in Reaction 2 
was furnished by the following experiment. A reaction mixture 
containing 4 wg of enzyme, 0.5 umole of DPN, and 0.2 umole of 
pL-dihydrolipoamide in 1.0 ml of 0.05 m phosphate buffer (pH 
8.4) showed an absorbancy change of 0.863 in 7 minutes, corre- 
sponding to the formation of 0.14 umole of DPNH. Thus, more 
than one-half of the pi-dihydrolipoamide was oxidized. 

- Attempts to demonstrate an oxidation of DPNH by pt-lipoic 
acid under the conditions of Fig. 4 were inconclusive, i.e. the 
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Fic. 4. Effect of pH on DPN reduction by dihydrolipoamide. 
The reaction mixtures contained 50 zmoles of potassium phosphate 
buffer, 0.1 wmole of DPN and 1.0 umole of pi-dihydrolipoamide 
in 1.0 ml. The dihydrolipoamide was added in 0.01 ml of 95% 
ethanol. The reactions were initiated (Point A) by the addition 
of 4 wg of dihydrolipoic dehydrogenase. The absorbancy at 340 
my was followed with a Beckman model DK-2 spectrophotometer. 
The reference cuvette contained all components except enzyme. 
No absorbancy change was observed in the absence of dihydro- 
lipoamide. The pH values for Curves 1 to 4, measured at the 
conclusion of each experiment were, respectively, 6.5, 7.5, 8.4, and 
8.9. 1.0 umole of pyruvate and 100 units of crystalline lactic de- 
hydrogenase were added to a duplicate sample at Point B. Tem- 
perature, 25°. 
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Fic. 5. Effect of pH on DPNH oxidation by lipoamide. The reaction mixtures contained 50 ywmoles of potassium phosphate 


buffer, 0.1 umole of DPNH, and 3.0 umoles of pi-lipoamide in 1.0 ml. 
reactions were initiated (Point A) by the addition of 4 ug of dihydrolipoic dehydrogenase. 


A and B are due to stirring of solutions. 
were as in Fig. 4. 


reaction proceeded to a very slight extent, if at all. However, 
with pL-lipoamide as substrate oxidation of DPNH was ob- 
served. Curves illustrating the effect of pH on the rate and 
extent of the reaction are shown in Fig. 5. In contrast with the 
forward reaction, DPNH oxidation in the pH range 6.5 to 8.1 
proceeded with an initially slow rate, which shifted to a pro- 
gressively faster rate. Although not shown in Fig. 5, the rate 
curves at pH 6.5 and 7.0 exhibited even more pronounced lag 
periods. As the pH was increased the lag period decreased and 
was scarcely apparent above pH 8.4 (cf. Curve 3). The initial 
rate at the latter pH was estimated to be 10 umoles of DPNH 
oxidized per minute per mg of protein. At pH 8.4 the shape of 
the rate curve was markedly influenced by the order of addition 
of reactants, e.g. contact of the enzyme with DPNH before 
lipoamide resulted in a pronounced lag period. Also, when the 
concentration of DPNH was increased or the concentration of 
lipoamide was decreased, the initial rates were decreased mark- 
edly. These observations suggested that DPNH is inhibitory. 
Evidence supporting this possibility was obtained by varying 
the concentration of DPNH. At 15, 5, 3, and 2 x 10-5 m 
DPNH the initial rates were, respectively, 41, 240, 270, and 
170% of that obtained with 10 x 10-5 m DPNH (Fig. 5, Curve 
3). Notani and Gunsalus (6) independently observed that 
oxidation of DPNH by pt-lipoic acid in the presence of E. coli 
Fraction B was inhibited at concentrations of DPNH above 
6 X 10-® M. 


DISCUSSION 


The data presented in this paper, identifying EZ. coli dihydro- 
lipoic dehydrogenase as a flavoprotein, support the tentative 
conclusion advanced previously (1) that the flavin in the pyru- 
vate and a-ketoglutarate dehydrogenation complexes is associ- 
ated with the former enzyme. That all of the flavin in both 
complexes is associated with dihydrolipoic dehydrogenase is 


The pH values for Curves 1 to 4 were, respectively, 7.5, 8.1, 8.5, and 8.9. 


The lipoamide was added in 0.02 ml of 95% ethanol. The 
The discontinuities between Points 
Other conditions 


indicated by the finding that, based on flavin content, the dihy- 
drolipoic dehydrogenase activities of the complexes and of the 
isolated enzyme are approximately the same (5800 to 6300 
pumoles of dihydrolipoic acid oxidized per minute per pmole of 
FAD). Confirmation of these conclusions must await separa- 
tion and isolation of dihydrolipoic dehydrogenase from the puri- 
fied complexes. The procedure used in the present investigation 
to prepare dihydrolipoic dehydrogenase, which is based on that 
of Hager and Gunsalus (9, 10), gives variable amounts of the 
free versus the complex-bound enzyme, indicating that exact 
conditions for resolution of the complexes cannot be specified 
yet (cf. 15). It is significant in this connection that Massey® 
has achieved a quantitative resolution of the pig heart a-keto- 
glutarate dehydrogenation complex into dihydrolipoic dehydro- 
genase and a colorless fraction, which is apparently similar to 
E. coli Fraction A’, by urea treatment followed by chromatog- 
raphy on a calcium phosphate gel-cellulose column. 

Highly purified preparations of dihydrolipoie dehydrogenase 
isolated from E. coli cells grown in the presence of radioactive 
lipoic acid did not contain a detectable amount of radioactivity. 
The bound radioactive lipoic acid concentrated in Fractions A 
and A’ during purification of the extracts. These findings con- 
firm the previous report of Hager and Gunsalus (9, 14) that the 
lipoic acid content of Fraction B decreases during purification, 
whereas that of Fractions A and A’ increases. These results, 
together with the finding that release of protein-bound lipoic 
acid from the EZ. coli pyruvate and a-ketoglutarate dehydrogena- 
tion complexes does not affect the dihydrolipoic dehydrogenase 
activity of the complexes as measured in the model system (Re- 
action 2) (1, 16), provide good evidence that the latter activity 
is not mediated through the bound cofactor. Apparently dihy- 
drolipoic dehydrogenase can react independently with the cata- 
lytically active, bound cofactor (present in Fractions A and A’) 


3 Dr. Vincent Massey, personal communication. 
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and with free dihydrolipoic acid. Similar results have been 
obtained recently by Massey* with the pig heart a-ketoglutarate 
dehydrogenation complex. The colorless fraction and not the 
dihydrolipoic dehydrogenase obtained by resolution of the com- 
plex with urea contains the bound lipoie acid. 

The dihydrolipoic dehydrogenase of E. coli resembles that of 
pig heart (Straub’s diaphorase) in certain of its properties, e.g. 
absorption spectrum, flavin content, molecular weight, and 
DPNH-ferricyanide activity (3, 17, 18). These similarities and 
the functional identity of the two enzymes recall the report of 
Korkes et al. (19) that pig heart extract contains a component 
which behaved like FE. coli Fraction B in that it precipitated 
above 60% saturation with ammonium sulfate and could be 
coupled with E. coli Fraction A to reconstruct the pyruvate 
dismutation system. There appear to be, however, differences 
between the two enzymes. The bacterial enzyme is reduced to 
a greater extent by DPNH and by dihydrolipoic acid than is 
the mammalian enzyme (5, 18), and the reduction is not accom- 
panied, under the conditions used, by a detectable increase in 
absorbancy in the 500 to 600 my region, as has been observed 
with the latter enzyme. Also, whereas the model reaction (Re- 
action 3) is readily reversible with the a-ketoglutarate dehydro- 
genation complex (15) and with Straub’s diaphorase (3), it does 
not proceed with the bacterial enzyme in the direction of DPNH 
oxidation to the extent expected from the measurement in the 
opposite direction (20). In this connection failure to demon- 
strate an oxidation of DPNH by pt-lipoic acid has been reported 
also for dihydrolipoic dehydrogenases isolated from Leuconostoc 
mesenteroides (Fraction I1) (6), Mycobacterium tuberculosis (21), 
and spinach (22). The apparent inhibition of Reaction 3 (from 
right to left) by DPNH observed in the present investigation 
with pL-lipoamide and a similar inhibition observed by Notani 
and Gunsalus (6) with pt-lipoic acid, coupled with the fact that 
the reaction with pL-lipoic acid is slower than with pL-lipoamide 
(1, 3, 15), provides a partial explanation of these anomalous 
results. The cause of the inhibition, however, remains to be 
determined. Other differences in the properties of the various 
dihydrolipoic dehydrogenases, including a wide range of pH 
optima and the absolute specificity of the spinach enzyme (22) 
for (—)-dihydrolipoic acid in contrast to the lack of optical 
specificity of the other dihydrolipoic dehydrogenases, have yet 
to be explained satisfactorily. 

SUMMARY 


The isolation of dihydrolipoic dehydrogenase in a highly puri- 
fied state from Escherichia coli extracts is described. The molec- 


M. Koike, P. C. Shah, and L. J. Reed 


1943 





ular weight of the enzyme calculated from sedimentation and 
diffusion measurements is about 88,000. Evidence is presented 
that the enzyme is a flavoprotein. The flavin (flavin adenine 
dinucleotide) content is 13.3 mumoles per mg of protein, which 
corresponds to a minimal molecular weight of 75,000. The 
enzyme catalyzes the reduction of diphosphopyridine nucleotide 
by dihydrolipoamide and the oxidation of reduced diphospho- 
pyridine nucleotide by lipoamide, but the two reactions do not 
proceed to the same endpoint. An apparent inhibition of the 
latter reaction by reduced diphosphopyridine nucleotide is de- 
scribed. 
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“Hydroxylamine Kinase” and Pyruvic Kinase* 
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An enzyme purified from pig heart (1, 2) has previously been _ tivity of the enzyme is expressed as umoles of phosphate formed, 
shown to catalyze the bicarbonate- and hydroxylamine-depend- under the conditions described, per mg of protein. 
ent cleavage of ATP to ADP and a nonnucleotide phosphate- “Fluorokinase” activity, based on the amount of fluorophos- 
containing compound (3, 4). This reaction, previously referred phate produced in 30 minutes at 30° in the presence of bicarbon- 
to as “CO, activation,” requires the presence of Zn** or certain ate, fluoride, ATP, and magnesium ions, was determined accord- 
other divalent metal ions, but Mg++ ions are without activity. ing to Tietz and Ochoa (7). In their procedure the product is 
More recent studies! on this compound indicate that it isa phos- hydrolyzed with acid and the phosphate formed is estimated 
phorylated hydroxylamine, and the term “hydroxylamine ki- colorimetrically. The specific activity is expressed as pmoles 
nase” will therefore be used in this paper in referring to the of phosphate formed per mg of protein. 
enzyme catalyzing Reaction 1. Pyruvic kinase was estimated spectrophotometrically by the 
procedure of Biicher and Pfleiderer (9) as modified by Tietz and 


_(CO2, Zn**) | ) Ochoa (7), with the use of the following coupled reactions: 


[phosphorylated ( 


ATP + NH:OH hydroxylamine] 


— 


ADP + 


(Mg**) 


Earlier evidence (1) and the observation that ATP breakdown (q) phosphoenolpyruvate + ADP ——®&— > pyruvate + ATP: 


does not occur when fluoride is substituted for hydroxylamine - “_ : ies 
in the usual assay system (4) suggested that this enzyme was "4 pyruvate + DPNH + H* - lactate + DPN*. 
distinct from ‘“fluorokinase,”’ shown by Flavin et al. (5, 6) to 


The specific activity of the kinase (measured in the presence of 
catalyze Reaction 2. 


an excess of lactic dehydrogenase and DPNH) is expressed as 


(COs, Mg*+) umoles of pyruvate formed per minute per mg of protein at 


ATP + fluoride » ADP + fluorophosphate (2)  gpout 25°. 





Tietz and Ochoa (7) have obtained evidence strongly suggesting “Hydroxylamine Kinase” Activity of Rabbit Muscle Pyruvie 
that “fluorokinase” and pyruvic kinase, which catalyzes Reac- Kinase—After preliminary evidence had been obtained that 
tion 3, are identical. pyruvic kinase is unusually rich in “hydroxylamine kinase,” 
several different preparations of the enzyme from rabbit muscle 

(Mg**) rere asaaved for 2 ne Ce , “ bs 

ATP + pyruvate ——*——= ADP + phosphoenolpyruvate (3) Wer assayed for both of these activities as well as for “fluoro 





kinase.” As shown in Table I, the ratios of the specific activi- 
ties of the various kinases (“hydroxylamine’’/“fluoro-’’, or py- 
ruvic/“hydroxylamine’’) were of a similar order of magnitude in 
the various preparations. After one recrystallization of Prepara- 


In the course of attempts to couple Reaction 1 with the ADP- 
phosphoenolpyruvate reaction (reverse of Reaction 3) it has 
recently been found that crystalline pyruvic kinase is remarkably 
strong in “hydroxylamine kinase” activity. Further experi- tion E the pyruvic kinase specific activity was equivalent to 
ments, as outlined below, have indicated that despite the differ- that of the most active preparations described by Tietz and 
ence in metal requirements, zinc-dependent “hydroxylamine Q¢hoa (7). This preparation appeared to be homogeneous in 
kinase” and magnesium-dependent pyruvic kinase (“fluoroki- the ultracentrifuge (Fig. 1) and on zone electrophoresis in starch 
nase”) are apparently identical. gel at pH 7.0 or 8.6 (10).2, Upon an additional recrystallization 
the pyruvic kinase and “hydroxylamine kinase” specific activi- 
ties were not significantly changed. 

Enzyme Assays—“Hydroxylamine kinase’’ activity was as- Requirements for Activity of Pyruvic Kinase in Hydroxylamine 
sayed as described earlier (4) by incubating the enzyme prepa- Assay System—ATP degradation by pig heart “hydroxylamine 
rations for 30 minutes at 38° with potassium bicarbonate, hy- kinase” was shown earlier to be completely dependent on the 
droxylamine, ATP, and zinc ions. The reaction mixtures were various components of the assay system, including bicarbonate 
then deproteinized and the nucleotides were adsorbed on char- (4). Similarly, for significant activity in this system rabbit 
coal. The remaining nonnucleotide product of ATP degradation muscle pyruvic kinase requires the presence of bicarbonate, zine 
was hydrolyzed with 1 n hydrochloric acid at 100° and the phos- ions, ATP, and hydroxylamine (Table II). 
phate formed was estimated colorimetrically (8). Bicarbonate Pyruvic Kinase Activity of Pig Heart “Hydroxylamine Kinase” 
was replaced by Tris buffer in control tubes. The specific ac- —In view of the above findings, the purification of “hydroxyla- 
mine kinase” from pig heart was repeated, and the specific ac- 


EXPERIMENTAL PROCEDURE AND RESULTS 


* Supported by a grant from the United States Public Health 


Service (Grant A-993C). é 2 The authors are indebted to Dr. Walter D. Block for the deter- 
t Present address, Biochemical Institute, Helsinki, Finland. mination in the ultracentrifuge and to Dr. Robert L. Hunter and 
1F, P. Kupiecki, and M. J. Coon, unpublished data. Dr. Sally L. Allen for the electrophoretic determinations. 
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“Hydroxylamine kinase’ 





TABLE I 
activity of pyruvic kinase preparations 

Preparation A was a commercial sample of rabbit muscle lactic 
dehydrogenase known to contain pyruvic kinase; the various 
pyruvic kinase preparations (B, C, D, and E), all of which were 
crystalline in appearance, were prepared from rabbit muscle 
according to Biicher and Pfleiderer (9). Preparation E was re- 
erystallized from solution in 0.05 m Tris, pH 8.1, at a protein con- 
centration of 15 mg per ml, by the slow addition of powdered 
ammonium sulfate to incipient turbidity. 





Specific activity of kinase ee pete 











Preparation Z 
a “Fluoro-’’ | Pyruvic | “ylamine my 6 | = 
ee 4 een | 8.7 4.8 34 . oe 
BL... cpa ate | 50.8 35.2 276 1.4 | 5.4 
Be. . «craves eeasatibees | 57.5 44.8 253 18 <4..- 4.4 
Pee Se are | 68.5 45.8 236 1.5 | 3.4 
Re ee, 64.8 53.8 339 Re.4 6.2 
E (ones recrystal- 
Bis vine, | 82.4 | 57.2 | 43 | 1.4 | 5.6 
E (twice recrystal- | 
oe agent tee | 85.8 470 | 5.5 
! 











Fic. 1. Sedimentation pattern of rabbit muscle pyruvic kinase 
(Preparation E, recrystallized). The enzyme at 1% concentra- 
tion in 0.05 m Tris buffer, pH 8.1, was sedimented at 59,780 r.p.m. 
at 20°. Time (right to left): 30, 60, and 90 minutes. 


TABLE II 
Requirements for ATP hydrolysis by rabbit muscle pyruvic 
kinase in hydroxylamine assay system 
The standard assay system for “hydroxylamine kinase’’ was 
used with purified rabbit muscle pyruvic kinase (71 wg per tube). 








System Phosphate liberated 
s 8 umoles ‘ 
SR ses 58 des LE Re ee le RES 3.58 
Se IOAMEMIIIUIN 55) sic OS Lao dis & whe See 0.09 
as DVO RRIABID = 5 655 ons coy ae eat 0.07 
TS, 2 aaa Rear Ihe apace ORSee ee 7 0 
nj, SUE aM Herter tener pint Ure 0.09 





tivity at each step was compared with the specific activities of 
“fluorokinase” and pyruvic kinase. The ratios of the activities, 
as indicated in Table III, were of similar magnitude throughout 
the purification procedure, thereby indicating that a single pro- 
tein may possess the three activities. Although the ratios of 
the kinase activities are of similar magnitude for the rabbit 
muscle and pig heart enzyme preparations, the maximal specific 
activity obtained is considerably greater for the rabbit muscle 
enzyme. It is not possible to conclude from these results that 
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TaB_e III 
Pyruvic kinase activity of ‘‘hydroxylamine kinase’’ 
purified from pig heart 

The procedure was that described earlier (2) with modification 
of Step. 7. After Step 6 the preparation was diluted to a protein 
concentration of 11.1 mg per ml and brought to 0.41 saturation by 
the addition of solid ammonium sulfate. The solution was stirred 
20 minutes and the precipitate was discarded; additional ammo- 
nium sulfate was added to 0.43 saturation and the slight precip- 
itate was immediately removed. On storage of the supernatant 
solution at 0°, two crops of apparently crystalline material were 
obtained; the second crop had a specific activity of 25. This crop 
was repeatedly recrystallized from 0.05 m Tris, pH 8.1, by the 
slow addition of powdered ammonium sulfate to incipient tur- 
bidity and storage at 0°. The “hydroxylamine kinase’’ specific 
activities given are somewhat higher than those reported pre- 
viously, because the earlier assay procedure (2) did not measure 
that part of the nonnucleotide product hydrolyzed to phosphate 
in the presence of trichloroacetic acid during deproteinization. 























Specific activity of kinase ee A ee 
Step ] 
stb “Fluoro-”’ |Pyruvic Pn ate “Tyron, 
a “‘Fluoro-’’| ylamine’’ 
ti. TURGe i Sh eds | 0.4 i.¢ 
2. (NH,4)2SO, (0 to | 
0.55)..... | 03 | o4 | sal os | 43 
3. Calcium phosphate | 
gel (supernatant | | 
PS 0.4 | 0.5 1.8) 0.8 4.5 
4. (NH,)2SO, (0 to | 
2 AEE a |. ee 4: 1.9} 1.0 6.3 
5. -Heating at 62°......| 2.2 | 0.9 | 10 2.4 4.5 
6. (NH,) SO, (0.30 to | 
rt ieee MAS im Rs 16 1.5 3.3 
7. Crystallization..... | 25.0 | 20.4 | 107 1.2 | 4.3 
Recrystallization...| 41.5 | 27.4 | 183 es SM deer 
Recrystallization...| 49.4 31.0 | 266 1.6 | 5.4 
Recrystallization...| 58.2 | 37.8 | 244 1.5 | 4.2 





the rabbit muscle enzyme necessarily has a higher turnover 
number than the pig heart enzyme, however, since after repeated 
recrystallization of the latter preparation the amount of protein 
remaining was insufficient to allow studies of homogeneity. At 
Step 7 (Table III) the protein precipitates were judged to be 
crystalline by the appearance of strong schlieren patterns when 
the suspension was stirred, but were not examined microscopi- 
cally. In the absence of further evidence the present authors 
consider it uncertain whether pyruvic kinase or a contaminating 
protein gave the needle-like crystals reported earlier (2). 

Inhibition of “Hydroxylamine Kinase” by Pyruvate, Phospho- 
enolpyruvate, and Sodium Ions—The addition of pyruvate to the 
usual hydroxylamine assay system containing heart “hydroxyla- 
mine kinase’’ results in extensive inhibition (Table ITV). Phos- 
phoenolpyruvate proved to be a stronger inhibitor than pyru- 
vate, giving 96% inhibition at 1.7 X 10-* m3 The addition of 
from 20 to 900 uwmoles of fluoride to the usual hydroxylamine 
assay system containing zinc ions was without inhibitory effect, 
apparently indicating that the enzyme has no affinity for fluo- 
ride in the presence of zinc ions. 

In view of the K* requirement of pyruvic kinase (11-13) and 
of “fluorokinase” (7), the effect of monovalent cations on “hy- 








TaBLe IV 


Effect of pyruvate and phosphoenolpyruvate 
on ‘‘hydroxylamine kinase”’ activity 

Sodium pyruvate and potassium phosphoenolpyruvate were 
added in the amounts indicated to the hydroxylamine assay sys- 
tem containing partially purified “hydroxylamine kinase’ from 
pig heart (0.61 mg of protein; specific activity 5.9). The inhibi- 
tory effect of sodium pyruvate is attributable to the pyruvate 
rather than Na* ions added; this was shown in a control experi- 
ment in which the addition of 50 ymoles of sodium bicarbonate 
to the standard assay mixture containing 500 umoles of potassium 
bicarbonate gave no inhibition. Unincubated controls were in- 
cluded when phosphoenolpyruvate was added. 





Compound added Amount added % Inhibition 





| 
pumoles | 

Pyruvate 0.1 0 

| 0.5 | 5 

2 | 18 

5 35 

10 61 

20 76 

50 90 

Phosphoenolpyruvate 1 24 

2 88 

5 96 





droxylamine kinase” activity was determined. As noted earlier 
(4), the substitution of sodium for potassium salts in this assay 
system results in lowered activity. For example, when sodium 
bicarbonate is substituted for potassium bicarbonate the enzyme 
activity is decreased by about 35%. When the enzyme is 
dialyzed against 0.01 m sodium bicarbonate before the addition 
of potassium or sodium bicarbonate in the assay system, the 
activity is decreased by about 55% by the added sodium salt. 
On the other hand, as with pyruvic kinase (11-13), NH,* ions 
are apparently as effective as K* ions for “hydroxylamine ki- 
nase” activity. 


DISCUSSION 


The evidence presented above indicates that “hydroxylamine 
kinase” and pyruvic kinase (“fluorokinase’’) are probably identi- 
cal. The ratios of these activities in the three assay systems are 
not significantly different at various stages in the purification of 
“hydroxylamine kinase” from pig heart or in several prepara- 
tions of rabbit muscle pyruvic kinase, including one recrystal- 
lized and apparently homogeneous as judged by sedimentation 
and electrophoretic studies. Furthermore, pyruvate and phos- 
phoenolpyruvate are inhibitory to “hydroxylamine kinase” ac- 
tivity. Phosphoenolpyruvate is the more strongly inhibitory 
of the two compounds, as is also true for the inhibitory effects on 
“fluorokinase” (7). The difference in inhibitory effect of the 
two compounds may be accounted for by the fact that the 
affinity of pyruvic kinase for phosphoenolpyruvate is much 
higher than for pyruvate, as shown by McQuate and Utter (14). 
Finally, K+ and NH,* ions are equally effective in promoting 
“hydroxylamine kinase” activity, whereas with Na* ions the 
activity is decreased by about one-half. Similar effects of these 


three metal ions have been noted for pyruvic kinase (11-13), 
and Nat is inferior to K* for “fluorokinase 


activity (7). Al- 
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though the evidence presently available strongly suggests that 
a single protein possesses the three activities under discussion, 
it is not possible to state so categorically in view of the possi- 
bility that two or more proteins of closely similar properties 
might be involved. 

On the assumption that a single protein possesses the three 
activities, however, the effect of different divalent metal ions 
on the specificity of the purified enzyme is striking. Thus, 
pyruvic kinase* and “fluorokinase” are active in the presence of 
Mg** but not of Zn** ions, whereas “hydroxylamine kinase” 
is active in the presence of Zn*+* (and certain other divalent 
metals) but not of Mg*+ ions (3). Fluoride acts neither as a 
substrate nor an inhibitor in the hydroxylamine assay system 
containing Zn** ions. The previously reported “hydroxylamine 
kinase”’ activity of a relatively crude enzyme preparation from 
pig heart in the presence of Mg** ions cannot be satisfactorily 
explained, but may possibly have been due to the presence of 
other divalent metals. 

The observation that the carboxylation reaction in leucine 
metabolism is blocked in biotin deficiency, whereas “hydroxyla- 
mine kinase” activity is unaffected (15) appears to be in accord 
with the present findings and with the conclusion that this 
kinase plays no role in 6-methylerotonyl CoA carboxylation (4), 
It has been postulated that a carbonyl phosphate derivative 
might be involved in the “fluorokinase” system, reacting with 
fluoride to furnish fluorophosphate (6, 7). Although carbonyl 
phosphate would be expected to be highly reactive with hy- 
droxylamine, by analogy to the reaction of other acyl phosphates 
with hydroxylamine one would expect the formation of carbonyl 
hydroxamate and free phosphate, rather than a hydroxylamine 
derivative of phosphate. 


Materials and Methods 


The various preparations of rabbit muscle pyruvic kinase used, 
all of which were isolated according to published directions (9), 
were generously provided by Dr. K. Ebisuzaki and Dr. E. C. 
Heath or obtained from Boehringer and Sons, Mannheim, Ger- 
many. Crystalline lactic dehydrogenase from muscle was ob- 
tained from Boehringer and Sons for use in the pyruvic kinase 
spectrophotometric assays, or from the Worthington Biochemi- 
cal Corporation as a known source of pyruvic kinase (cf. Table 
1). Phosphoenolpyruvate (tricyclohexylamine or silver barium 
salt), sodium pyruvate, and crystalline ATP (disodium salt) 
were commercial products. The tricyclohexylamine salt of 
phosphoenolpyruvate was used in spectrophotometric assays 
for pyruvic kinase activity; for studies on the inhibitory effect 
of phosphoenolpyruvate on “hydroxylamine kinase,” the silver 
barium salt was converted to the potassium salt by treatment 
with Dowex 50 resin (H*+ form), followed by neutralization with 
potassium hydroxide and removal of traces of silver and barium 
ions with potassium sulfate and potassium chloride. The pro- 
tein concentration of the enzyme solutions was determined 
spectrophotometrically with correction for the nucleic acid 
content (16). 


3 As determined by spectrophotometric assay, pyruvic kinase 
has no activity when 4 uwmoles of zine acetate are added and mag- 
nesium ions are omitted. Accordingly, the inhibitory effect of 
phosphoenolpyruvate in the ‘‘hydroxylamine kinase’’ assay sys- 
tem cannot be attributed in part to the enzymatic formation of 
pyruvate as an inhibitor. 
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SUMMARY 


1. Purified preparations of rabbit muscle pyruvic kinase have 
an unusually high content of “hydroxylamine kinase’’ (previ- 
ously referred to as “carbon dioxide-activating enzyme’’). 

2. The following observations strongly suggest that “hy- 
droxylamine kinase” is identical with pyruvic kinase (‘‘fluoro- 
kinase”): (a) in one relatively crude and several crystalline 
pyruvic kinase preparations from rabbit muscle the “hydroxyla- 
mine kinase’’/“fluorokinase” and pyruvic kinase/“hydroxyla- 
mine kinase’ ratios were not significantly different; (b) these 
ratios were similar in a recrystallized and apparently homo- 
geneous muscle pyruvic kinase preparation; (c) there were no 
significant differences in these ratios at various stages in the 
purification of “hydroxylamine kinase” from pig heart; (d) 
“hydroxylamine kinase” is inhibited by pyruvate and more 
strongly by phosphoenolpyruvate; and (e) “hydroxylamine ki- 
nase,” like pyruvic kinase, requires K+ or NH,* ions for full 
activity and is inhibited by Na* ions. 

3. The divalent metal specificity of the kinase activities is 
striking in view of the conclusion that they may reside in the 
same protein. Znt+, but not Mg*t, ions promote “hydroxyla- 
mine kinase” activity, whereas Mg++, but not Zn++, ions pro- 
mote “‘fluorokinase” and pyruvic kinase activity. 


Acknowledgment—The authors wish to acknowledge the tech- 
nical assistance of Miss Aina Jakobsons. 


F. P. Kupiecki and M. J. Coon 


—~ 2 @ 


o oO 


12. 
13. 
14. 
15. 


16. 





1947 


REFERENCES 


. Bacuuawat, B. K., anp Coon, M. J., J. Am. Chem. Soc., 79, 


1505 (1957). 


. Bacnuawat, B. K., anp Coon, M. J., J. Biol. Chem., 281, 625 


(1958). 


. Kurpreckt, F. P., anp Coon, M. J., Federation Proc., 18, 268 


(1959). 


. Kupreckt, F. P., anp Coon, M. J., J. Biol. Chem., 284, 2428 


(1959). 


. Fiavin, M., Castro-MEnpoza, H., anp Ocnoa, S., Biochim. 


et Biophys. Acta, 20, 591 (1956). 


. Fuavin, M., Castro-Menpoza, H., anp Ocuoa, S., J. Biol. 


Chem., 229, 981 (1957). 


. Tietz, A., aNnp Ocnoa, 8., Arch. Biochem. Biophys., 78, 477 


(1958). 


. Fiske, C. H., anp SussaRow, Y., J. Biol. Chem., 66, 375 


(1925). 


. Bicuer, T., anpD PrLemperReER, G., in 8. P. CoLowick, aNnp 


N. O. Kapian (Editors), Methods in enzymology, Vol. I, 
Academic Press, Inc., New York, 1955, p. 435. 


. SmirureEs, O., Biochem. J., 61, 629 (1955). 
32 


Boyer, P. D., Larpy, H. A., anp Puruurps, P. H., J. Biol. 
Chem., 149, 529 (1943). 

Larpy, H. A., AND ZIEGLER, J. A., J. Biol. Chem., 159, 343 
(1945). 

Kacumar, J. F., anp Boyer, P. D., J. Biol. Chem., 200, 669 
(1953). 

McQuarte, J. T., anp Utter, M. F., J. Biol. Chem., 284, 2151 
(1959). 

Woessner, J. F., Jn., Baconawat, B. K., anp Coon, M. J., 
J. Biol. Chem., 233, 520 (1958). 

Warsure, O., AND CHRISTIAN, W., Biochem. Z., 310, 384 
(1941-1942). : 





Tue Journat or BrioLtogica, CHEMISTRY 
Vol. 235, No. 7, July 1960 
Printed in U.S.A. 


Purification and Role of Phosphotransbutyrylase* 


R. C. VALENTINE AND R. S. WoLFe 


From the Department of Microbiology, University of Illinois, Urbana, Illinois 


(Received for publication, February 23, 1960) 


In recent years acyl phosphates have received much attention. 
For example, acetyl (1, 2), propionyl (3, 4), butyryl (5, 6), car- 
bamyl (7, 8), and aspartyl (9) phosphates have been studied 
in detail. In fermentative bacteria the role of phosphotrans- 
acetylase, which facilitates an interconversion of acetyl phosphate 
and acetyl coenzyme A has been well documented (1, 2, 10-12). 

An enzyme capable of catalyzing the direct transfer of the 
butyryl moiety of butyryl coenzyme A to inorganic phosphate 
has been found in extracts of Clostridium butyricum. The puri- 
fied enzyme carries out a rapid arsenolysis of butyryl phosphate 
but not of acetyl phosphate. Cleavage of butyryl phosphate is 
dependent upon enzyme, arsenate, and coenzyme A. These 
properties are pertinent to the classification of this enzyme with 
the phosphotransacetylases found in many anaerobic bacteria. 
The specificity of the enzyme for butyryl phosphate marks its 
importance in the energy metabolism of the butyric clostridia. 
The following mechanism for the conversion of the thiol ester 
bond energy of butyryl coenzyme A to the adenylic acid system 
has been discussed (13): 


Butyryl-CoA + Pi 
Butyryl-P 


= butyryl-P + CoA (1) 
+ ADP = butyrate + ATP (2) 


An enzyme fraction of C. butyricum also has been found which 
carries out Reaction 2. Lipmann has described a similar reaction 
in Clostridium butylicum (5). 


METHODS 


Organisms and Growth Conditions—The following organisms 
were cultivated using conventional techniques: C. butyricum, 
American Type Culture 6014, was grown as described previously 
(14). Clostridium sporogenes, McClung strain 175, was grown 
in broth consisting of 1.0% neopeptone and 1.0% tryptone. 
Clostridium acetobutylicum and Clostridium saccharoacetobutylicum 
were kindly supplied by Commercial Solvents Corporation. The 
former organism was cultivated in tap water containing 6% 
ground whole corn meal, whereas the latter organism was culti- 
vated in a tap water medium containing 5.5% sugar (blackstrap 
molasses) ; 0.13% ammonium sulfate; 0.13% calcium carbonate; 
and 0.1% ammonium phosphate. Leuconostoc mesenteroides 
(15) was supplied by Dr. R. D. DeMoss. Streptococcus allantoi- 
cus (16) and Clostridium kluyveri (17) were supplied by Dr. H. A. 
Barker. Sarcina ventriculi cells were provided by Mr. E. Canale- 
Parola. 

Extracts—Cell-free extracts of C. butyricum were prepared by 
the method of Koepsell and Johnson (18), as modified by Mort- 
lock et al. (19). The extract was lyophilized and stored in a 


* Supported by the National Science Foundation, Grant No. 
6453. 


nitrogen atmosphere at —20°. Extracts of C. sporogenes were 
prepared by sonic disintegration, whereas extracts of the remain- 
ing organisms mentioned above were prepared by crushing the 
cells in a Hughes press. These extracts were kept in the frozen 
state after addition of glutathione to a concentration of 0.01%. 

Synthetic—Butyryl-CoA was synthesized from CoA and 
butyric anhydride by the method of Stadtman (20). Acyl 
phosphates were prepared by the method of Avison (21) with 
orthophosphate and the corresponding acyl anhydride. 

Assay of Acyl Derivatives—Acyl phosphates and acyl thiol 
esters were measured by the colorimetric method of Lipmann and 
Tuttle (22). Acyl-CoA and acyl glutathione derivatives were 
distinguished from acyl phosphates by their stability to hy- 
drolysis in 0.1 N HCl for 5 minutes at 100° (20). All optical 
density determinations were carried out using an Evelyn colorim- 
eter. 

Standard Phosphotransbutyrylase Assay—The assay for phos- 
photransbutyrylase (transbutyrylase) was similar to the trans- 
acetylase assay as described by Stadtman (12). Arsenolysis was 
measured under the following conditions: the enzyme was incu- 
bated with a mixture of dilithium butyryl-P; cysteine - HCl, 0.01 
m; Tris buffer (pH 8.0), 0.01 m; potassium arsenate (pH 8.0), 
0.05 m; and CoA, 30 units. The total volume was1.0 ml. After 
incubation at 37° for 15 minutes, the residual butyryl-P was 
determined. One unit of transbutyrylase was defined to be the 
amount of enzyme required to decompose one ymole of butyryl-P 
under the preceding conditions. 

Assay Method for Butyrate Kinase—Butyrate phosphorylation 
was measured under the following standard conditions: the 
enzyme was incubated with 400 uwmoles of potassium butyrate, 
60 umoles of Tris buffer (pH 7.4), 10 umoles of MnSO,, 10 umoles 
of ATP, and 700 uwmoles of neutral hydroxylamine, in a total 
volume of 1 ml at 37°. The reaction was stopped by the addi- 
tion of FeCl; reagent as described by Lipmann and Tuttle (22) 
and Rose et al. (23). One unit of butyrate kinase was defined 
as the amount of enzyme catalyzing the formation of 1.0 umole 
of butyrhydroxamic acid in 2 minutes under the preceding condi- 
tions. 

ATP Assay—The acetate kinase procedure of Rose et al. (23) 
was used to measure ATP in crude samples. 

Protein Determination—Protein was determined by the biuret- 
phenol method with the procedure of Lowry et al. (24). 

Chromatographic Analysis of Acyl Derivatives—Acy] hydroxa- 
mates formed from acyl phosphates and acyl thiol esters were 
separated chromatographically with a water-saturated butanol 
solvent system. After separation, the various hydroxamic acids 
were located on the paper chromatograph as described by Stadt- 
man et al. (3). 

DEAE-Cellulose Chromatography—The anion exchange cellu- 
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lose adsorbent, DEAE-cellulose, was used (25). Generation of 
the adsorbent and preparation of the columns were performed as 
described by Sober and Peterson (26, 27). Finished columns of 
1.5 X 15 cm were used. 

The protein sample was washed into the column with several 
ml of 0.01 m Tris buffer at pH 7.4 before continuous flow of 
buffer was begun. 

A linear salt gradient was established by introduction of 0.2 
m potassium arsenate, pH 7.4, from the reservoir of the gradient 
elution apparatus (25) into 0.01 m Tris buffer, pH 7.4, in the 
main compartment. Equal volumes of 0.2 m potassium arsenate 
and 0.01 m Tris were present. Flow rates of 30 ml per hour were 
achieved and individual tube collections of about 4 ml per tube 
were obtained with a drop counter. All dialysis and collection 
operations were performed at 4°. 


RESULTS 


Enzyme Fractionation—One gram of a lyophilized extract of C. 
butyricum was dissolved in 50 ml of cold water, containing 1 mg 
of cysteine per ml, and was fractionated as outlined in Table I. 
Solid ammonium sulfate was added to the solution at 0° until a 
concentration of 45% saturation was reached. The precipitate 
contained little activity and was discarded. To the supernatant 
fluid, which contained most of the activity, was next added am- 
monium sulfate to 55% saturation. After centrifugation, this 
fraction (A) was resuspended in 0.01 m potassium phosphate 
buffer at pH 7.4, containing 1 mg per ml of cysteine. This solu- 
tion, containing approximately 25 mg protein per ml, was next 
dialyzed against 8 liters of cold water for 12 hours. The dialysis 
flask was flushed with hydrogen and was sealed to maintain ana- 
erobic conditions. Dialysis by this method caused little loss in 
activity of this fraction (A-1). Treatment with a 1:1 ratio of 
Dowex 1-HCl to enzyme solution was used to remove the CoA. 
The mixture was stirred at pH 7.0 for 2 minutes after which it 
was centrifuged briefly to remove all the Dowex particles. The 
clear supernatant fraction (B) containing the activity was then 
dialyzed as described above for 2 to3 hours. At this point 9 ml 
of the enzyme solution (B-1) contained 150 mg of protein. At 
—20° the partially purified Fraction B-1 retained its activity for 
several months. 

DEAE-Cellulose Chromatography—lIn Fig. 1 is shown an elution 
diagram obtained when transbutyrylase Fraction B-1 was chro- 
matographed on DEAE-cellulose. The starting buffer was 0.01 
u Tris pH 7.4 with final concentration of 0.2 m potassium arse- 
nate. Transbutyrylase was characteristically eluted in a sharp 
peak at approximately 0.15 m potassium arsenate. Transacety]- 
ase appeared much earlier in the effluent. The specific activity 
and recovery of Fraction C are shown in Table I. The over-all 
purification in repeated fractionations by these procedures was 
about 100-fold with a recovery of about 40 to 50%. 

Activities of Transacetylase and Transbutyrylase in Crude and 
Purified E:ctract—Further evidence that arsenolysis of acetyl-P 
and butyryl-P represented the action of separate enzymes was 
obtained when crude extract, Fraction B-1, and Fraction C were 
examined for activity toward acetyl-P, butyryl-P, and valery!-P. 
Fig. 2 shows that the activity of transacetylase and transbutyry!- 
ase were nearly equal in crude extract, whereas more purified 
fractions were free of transacetylase activity, but retained ac- 
tivity toward butyryl-P and valeryl-P. 

Arsenolysis of Butyryl-P as Function of Enzyme Concentration— 
The relation of enzyme concentration to the arsenolysis of bu- 
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TaBLeE I 
Purification of phosphotransbutyrylase 

Transbutyryilase 

Volume ; 

fraction a <1 sain protein - <2 § 
se | 35 g 

=) - SS 

ml mg 

Crude | none 50.0 | 1000.0 6 | 6000 | 100 
A (NH,)2SO, (45-55%)! 10.0 255.0 20 | 5100 | 85 
A-l Dialysis 10.0 255.0 20 | 5100 | 85 
B Dowex 9.0 150.0 32 | 4800 | 80 
B-1 Dialysis 9.0 150.0 32 | 4800 | 80 
c* DEAE-cellulose 45.0 3.2 | 1050 | 3360 | 56 























* The values for Fraction C represent the eluate from 3 sepa- 
rate DEAE-cellulose columns, 3 ml of Fraction B-1 being de- 
posited on each column. 
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_ Fie. 1. Elution diagram of transbutyrylase from DEAE-cellu- 
lose. Starting buffer from the gradient mixer was 0.01 m Tris 
(pH 7.4) with final concentration of 0.2 Mm potassium arsenate. A 
linear gradient was employed for elution. Effluent from 0 to 40 
ml contained less than 0.02 mg of protein per ml. 
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Fic. 2. Relative activities of transbutyrylase and transacetyl- 
ase in crude and purified extracts. The data given for the activ- 
ities of transbutyrylase and transacetylase in Plots A, B, and C 
are for the standard assay (arsenolysis reaction). Crude extract 
was used in Plot A, Fraction B-1 in Plot B, and Fraction C in 
Plot C. Decomposition of acetyl-P, butyryl-P, and valeryl-P was 
followed. The symbols refer to acyl phosphates: @, butyryl-P; 
O, valeryl-P; A, acetyl-P. 


tyryl-P is presented in Fig. 3. The rate of arsenolysis is directly 
proportional to the enzyme concentration from 0 to 6.2 ug of 
protein per ml of reaction mixture. 

CoA Dependence—The purified transbutyrylase preparations 
were completely resolved with respect to CoA and did not cata- 
lyze the arsenolysis of butyryl-P unless CoA or boiled crude 
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Fic. 3. Influence of enzyme concentration on butyryl-P decom- 
position. Conditions: 0.05 m potassium arsenate, 0.01 m Tris 
buffer at pH 8.0, 15 wmoles of butyryl-P, 0.01 m cysteine, 30 units 
of CoA, enzyme as indicated, total volume 1.0 ml. Reaction time 
was 15 minutes at 37°. 
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Fig. 4. Effect of CoA on arsenolysis of butyryl-P. Conditions 
were as described in the legend to Fig. 3 except that 25 umoles of 
butyryl-P and 0.01 mg of Fraction C were used per reaction vessel. 
The abscissa refers to units of CoA (300 units per mg of CoA). 
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Fic. 5. Synthesis of butyryl-CoA from butyryl-P. Condi- 
tions: 0.01 m Tris buffer (pH 8.0), 10 wzmoles of butyryl-P, CoA as 
indicated, 0.05 mg of Fraction C, total volume 1.0 ml. Reaction 
time was 20 minutes at 37°. The reaction was stopped by addition 
of 0.1 N HCl. Butyryl-CoA was distinguished from butyryl-P by 
its stability to hydrolysis in 0.05 n HCl for 5 minutes at 100°. 
Butyryl-CoA was measured as butyrhydroxamic acid. Fraction 
C was dialyzed for 4 hours to remove arsenate. 


Phosphotransbutyrylase 


Vol. 235, No. 7 


extracts were added. The data summarized in Fig. 4 show that 
the rate of arsenolysis of butyry]-P is directly proportional to the 
CoA concentration over the range of 0 to 60 units of CoA per ml, 
As with transacetylase, attempts to saturate the enzyme with 
CoA have not been successful (1). 

CoA Assay—Since arsenolysis of butyryl-P is proportional to 
the concentration of CoA over wide ranges, the enzyme may be 
used to measure the concentration of CoA in unknown samples, 
Transacetylase has been used routinely in this capacity (12), 
Since transacetylase may not remain active after dialysis, trans- 
butyrylase has superior properties for use in this assay. The 
purified transbutyrylase need not be used since the Dowex-treated 
Fraction B-1 is resolved with respect to CoA. 

Synthesis of Butyryl-CoA and Butyryl-Glutathione—To show 
the net synthesis of butyryl-CoA, 10 umoles of butyryl-P were 
incubated with transbutyrylase and varying amounts of CoA, 
After incubation, aliquots of the reaction mixtures were tested 
for heat-stable butyryl-CoA (20). The data presented in Fig. 
5 show that in the presence of CoA, transbutyrylase, and butyryl- 
P, the heat-stable butyryl-CoA accumulated. Addition of hy- 
droxylamine yielded a compound chromatographically identical 
with butyrhydroxamic acid. The heat-stable thiol ester gave a 
typical nitroprusside reaction after chromatography (20). 

Since acetyl-SG is formed in the transacetylase system from 
acetyl-P, it was of interest to ascertain whether the butyryl 
derivative of GSH could be formed in the transbutyrlase system. 
The data presented in Table II show that both CoA and enzyme 
are required for formation of butyryl-SG. As pointed out by 
Stadtman (1), transesterification between butyryl-SG and bu- 
tyryl-CoA is typical of thiol esters and occurs nonenzymatically, 

Arsenolysis of Butyryl-CoA—Since butyryl-CoA was formed 
when butyryl-P was incubated with CoA and enzyme, the reac- 
tivity of synthetic butyryl-CoA in the system was determined. 
As shown in Table III butyryl-CoA disappeared in the presence 
of arsenate and enzyme. 

Distribution—Data on the distribution of transbutyrylase and 
transacetylase in some bacteria are given in TableIV. Different 
methods for extract preparation probably account for consider- 
able variation in specific activities. However, it is clear that 
butyric acid-forming clostridia possess transbutyrylase. The 
exception to this is C. kluyveri which does not possess the enzyme. 
This is in agreement with the work of Stadtman and Barker (8). 

Butyrate Phosphorylation—While studying the arsenolysis of 
butyryl-P it was observed early that enzyme Fraction B-1, which 
possesses transbutyrylase activity, was contaminated by an en- 
zyme capable of reversibly transferring the phosphate of bu- 


TaBLeE II 
Synthesis of butyryl glutathione 

The reaction mixtures contained (unless omitted) 100 umoles of 
Tris buffer at pH 8.0, 0.55 umole of CoA, 75 umoles of GSH, 10 
pmoles of butyryl-P, and 0.05 mg of enzyme (Fraction C). In- 
cubation was at 30° for 90 minutes. Total volume was 1.4 ml. 
Butyryl-SG was distinguished from butyryl-P by its stability to 
hydrolysis in 0.1 n HCl at 100° for 5 minutes. For this experi- 
ment Fraction C was dialyzed for 4 hours to remove arsenate. 








Tube | Components omitted Butyryl-SG formed 
| pmoles 
1 CoA 0.01 
2 enzyme 0.00 
3 none 3.5 
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tyryl-P to ADP (butyrate kinase). At 0.08 m potassium arsenate, 
‘ very active butyrate kinase fraction (D) was obtained simul- 
taneously from the DEAE-cellulose column used in purifying 
transbutyrylase. Fraction D rapidly phosphorylated straight 
chain saturated fatty acids containing from 2 to 8 carbon atoms 
when kinase and ATP were incubated with the respective fatty 
acid. Ry values for the hydroxamic acid derivatives of the acyl 
phosphates corresponded to the values obtained by Stadtman 
and Barker (8). 

Metal Requirement—No phosphorylation of butyrate was ob- 


TaBLeE III 
Arsenolysis of butyryl-CoA 


The standard arsenolysis assay was used except that 0.6 umole 
of butyryl-CoA was added in place of butyryl-P. 























Additions 
Tube Butyryl-CoA remaining 
AsO. Enzyme 
- ali pmole 
1 + a 0.62 
2 = + 0.60 
3 + + 0.00 
TaBLe IV 
Distribution of transbutyrylase 
*Transbuty- | Transacetyl- 
Organism rylase specific} ase specific 
activity activity 





units per mg protein 
Clostridium butyricum................06. 5.3 4.1 
Clostridium saccharoacetobutylicum...... 
Clostridium acetobutylicum.............. 
Clostridium kluyveri........ Rie eee tes es 
Clostridium sporogenes..............++:. 
Streptococcus allantoicus...............-. 
Leuconostoc mesenteroides. .............. 
Barcina ventriculé. ............ccccccerees 


coorons 
ooocooOor ef 
Nnontaonvo na 











* Data given for the specific activity of transbutyrylase and 
transacetylase are for the standard assays. Crude extracts were 
used in this experiment. 


TABLE V 
Synthesis of butyryl-CoA from ATP and butyrate 

The reaction mixtures contained (unless omitted) 100 umoles of 
Tris buffer at pH 7.4, 10 umoles of ATP, 0.55 umole of CoA, 75 
umoles of GSH, 100 umoles of potassium butyrate, 0.02 mg of trans- 
butyrylase (Fraction C), 0.03 mg of butyrate kinase (Fraction 
D). Incubation was at 30° for 30 minutes, and the total volume 
1.5 ml. GSH was used to ‘‘trap’”’ the butyryl moiety of butyryl- 
CoA as it was formed. The reaction mixture, after heating in 
0.1 n HCl at 100° for 3 minutes to remove butyryl-P, was measured 
for butyryl-SG by the hydroxylamine method. For this experi- 
ment Fractions C and D were dialyzed for 4 hours to remove arse- 
nate. 








Tube Constituents omitted Butyryl-SG formed 
pmoles 
1 enzyme 0.00 
2 ATP 0.00 
3 CoA 0.00 
4 none 3.10 
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served when Fraction D was dialyzed for a short time. Manga- 
nous sulfate restored the activity; the optimum concentration 
was found to be 1 X 107° m. CoA was not required for this 
reaction. 

Reversal of Butyrate Kinase-Transbutyrylase System—Evidence 
for the net reversal of this system is presented in Table V. GSH 
was used to trap the butyryl moiety of butyryl-CoA after 
the complex with CoA was formed. The formation of butyryl 
glutathione was dependent upon ATP and CoA. 


DISCUSSION 


It is probable that phosphotransbutyrylase and butyrate 
kinase play a major role in the energy metabolism of both the 
proteolytic and saccharolytic clostridia, the end result being the 
transfer of the thiol ester bond energy of butyryl-CoA into the 
adenylic acid system. The reversal of these reactions may be 
operative during the formation of butanol from butyric acid in a 
typical butanol fermentation. The conversion of butyric acid 
to butyl alcohol was clearly demonstrated by Wood et al. (26) 
using C" as a tracer. Experiments by Stadtman and Barker 
provided the first direct evidence for the enzymatic reduction of 
butyryl-P to butanol (3). It may be noted that this reduction 
is merely the reverse of the oxidation of alcohols to acyl phos- 
phates as catalyzed by C. kluyveri extracts. Although in C. 
kluyveri butyryl-P is not a natural intermediate (3), butyryl-P 
appears to be an important intermediate in butyrate synthesis 
in the saccharolytic clostridia. The presence of butyrate kinase 
and transbutyrylase in butanol-producing strains indicates that 
these enzymes also may serve to supply “active” butyrate for 
reductive processes. 


SUMMARY 


1. Phosphotransbutyrylase of Clostridium butyricum catalyzes 
the coenzyme A-dependent arsenolysis of butyryl phosphate, but 
not of acetyl phosphate. 

2. The syntheses of butyryl coenzyme A and butyryl gluta- 
thione are demonstrated. 

3. Methods are described for the purification of phosphotrans- 
butyrylase from extracts of Clostridium butyricum. 

4. A butyrate kinase fraction capable of rapidly phosphoryl- 
ating butyric acid to butyryl phosphate was obtained. 

5. The role of phosphotransbutyrylase and butyrate kinase in 
the energy metabolism of the butyric clostridia is discussed. 
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The Structure of Plasmalogens 
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In a preceding paper (1) it was established that almost all 
mammalian tissue plasmalogens (lipids that generate higher fatty 
aldehydes on hydrolysis) contain an a ,B-unsaturated ether struc- 
ture. This generalization was made possible by the availability 
of two stoichiometric analytical methods that could be applied 
to total lipid extracts of animal tissues: one, based on specific 
iodination, permits the determination of a,6-unsaturated ether 
content, whereas the other, based on p-nitrophenylhydrazone 
formation, permits measurement of the quantity of higher fatty 
aldehyde liberated by mild acid hydrolysis. 

It was of interest to apply these methods to lipid extracts of 
marine animals because of a recent report (2) that the plasmal- 
ogen of a sea anemone, Anthopleura elegantissima, did not con- 
tain the aldehydogenic chain in a,8-unsaturated ether linkage, 
but rather in the form of a glyceryl acetal. Also, a second char- 
acteristic of invertebrate plasmalogens that might serve to dis- 
tinguish them from those in mammalian tissues was mentioned 
(2, 3). Thus, Bergmann and Landowne (2) reported that the 
plasmalogen was exclusively of the choline type in Anthopleura 
elegantissima (whole animal), and Dumont (3) described a simi- 
lar finding for the plasmalogen in the posterior gills of the Chinese 
crab, Eriocheir sinensis. Among mammalian tissues, this struc- 
tural feature (the nature of the base) has not yet been studied 
extensively, and only spermatozoa have been reported to have 
plasmalogen containing choline exclusively (4). Skeletal muscle 
and heart muscle plasmalogens are of both choline and ethanola- 
mine types in approximately equal concentrations (5, 6); brain 
plasmalogens are predominantly in the ethanolamine fraction 
(7); and rat lymphosarcoma was found to contain ethanolamine 
plasmalogens exclusively (8). A third difference between mam- 
malian and invertebrate plasmalogens is indicated by the studies 
of Karnovsky et al. (9) on the digestive gland of the starfish, 
Asterias forbesi. They reported that some of the material giving 
a positive Schiff test with fuchsin-sulfurous acid was found in a 
neutral lipid fraction. In contrast, most evidence suggests that 
mammalian tissue plasmalogens are not found in lipid classes 
other than phosphatides. 

In the study reported here, total lipid extracts of eleven marine 
species were examined for their aldehydogenic and a ,6-unsatu- 
rated ether contents. The lipids were then separated into three 
fractions on silicic acid columns, under conditions that do not 
affect the labile enol ether bonds: neutral lipids, ninhydrin-posi- 


* This work was supported by Research Grant No. B-1570 from 
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tive phosphatides, and choline phosphatides; the fractions were 
studied for their aldehydogenic content. It was found that the 
plasmalogens of these eleven marine animals contain the a,B- 
unsaturated ether structure and that this grouping is associated 
predominantly with the ninhydrin-positive (cephalin) fraction. 
Marine animal lipids were found to behave differently from those 
of mammalian tissues with regard to the quantity of phosphatide 
that is only weakly adsorbed by silicic acid. For this reason 
the results do not provide a definite answer to the question of 
whether significant quantities of non-phosphatide plasmalogens 
occur naturally. 


EXPERIMENTAL PROCEDURE 


Methods and Materials 


_Lipid Extracts—Marine animals were obtained from the supply 
department of the Marine Biological Laboratory during the 
summer of 1959. Fresh tissue was drained of excess fluid and 
then homogenized with about 20 volumes of chloroform-metha- 
nol (2:1) in a Lourdes homogenizer for 2 to 3 minutes. The 
extract was filtered and the filtrate washed with water at 5° 
according to the method of Folch et al. (10). The interfacial 
layer was removed by freezing and filtration (10), and the clear 
chloroform solution was evaporated to dryness. The residual 
lipid was stored at 5° in chloroform-methanol solution until 
analyzed. 

Arbacia punctulata (sea urchin)—Internal organs of seven ani- 
mals were pooled and extracted; none had well developed gonads. 

Asterias forbesi (starfish)—Extracts of the digestive glands of 
10 animals were pooled. 

Busycon canaliculatum (whelk)—About 50 g of mixed tissues 
from one animal were extracted; only a representative portion 
of the foot was included. 

Loligo pealeii (squid)—Parts of the fins and head of one animal 
were extracted. 

Metridium senile (sea anemone)—Six whole animals were ex- 
tracted. 

Mytilus edulis (mussel)—Ten animals were completely sepa- 
rated from the shell and extracted. 

Mya arenaria (soft-shell clam)—Six animals were completely 
separated from the shell and extracted. 

Pecten irradians (scallop)—Five animals were completely sepa- 
rated from the shell and extracted. 

Thyone briareus (sea cucumber)—The viscera and longitudinal 
muscle bands of five animals were pooled and extracted. 
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Venus mercenaria (quahog)—Five animals were completely 
separated from the shell and extracted. 

Xiphosura polyphemus (Limulus; horseshoe crab)—About 50 
g of mixed tissues from one animal were extracted. 

Lipid Weight—Solvent was evaporated from a portion of ex- 
tract under a stream of nitrogen, and the residual lipid was dried 
over PO; in a vacuum desiccator for 24 hours and weighed. 

Phosphorus—A modification of the method of Beveridge and 
Johnson (11) was used. 

p-Nitrophenylhydrazone Reaction—Our modification (12) of the 
method of Wittenberg et al. (13) has been changed with respect 
to several small details. After extraction with hexane, an aliquot 
of 0.50 ml of the hexane solution was mixed directly with 3.5 ml 
of 95% ethanol. Absorbance was measured in a Beckman model 
B instrument at 390 mu. The molecular extinction of higher 
fatty aldehyde p-nitrophenylhydrazones was 23,800. 

Todination—It was found necessary to modify the iodination 
method described earlier (1), principally to minimize the inter- 
ference from pigments in the lipid extracts. A sample of lipid 
(requiring about 2 wmoles of iodine) was dissolved in 0.6 ml of 
chloroform-methanol (2:1). Then 0.8 ml of methanol was 
added. Most extracts gave a clear solution; occasionally a fine 
turbidity was seen. Exactly 1.00 ml of a standard aqueous KI; 
solution (approx. 0.01 N) was then added and the mixture was 
agitated vigorously for about 2 minutes. After standing for 
about 10 minutes the excess iodine was titrated with 0.01 Nn 
sodium thiosulfate. The end point was detected with the aid of 
0.5 ml of 0.5% starch solution. 

Fractionation on Silicic Acid (8)—All solvents were redistilled. 
The fractionation was carried out in a cold room at 5° by column 
chromatography on silicic acid (J. T. Baker Chemical Company), 
screened as described earlier (14). A column of adsorbent meas- 
uring 90 X 7.5 mm was prepared from a slurry of 2.5 g of silicic 
acid in acetone. The adsorbent was then washed successively 
with 10-ml portions of methanol, absolute ethanol, acetone, and 
hexane. A lipid sample (containing about 750 ug of phosphorus) 
was dissolved in 2 ml of hexane and placed on the column with 
an additional 10 ml of this solvent. Three fractions were col- 
lected by discontinuous gradient elution. The first was com- 
posed of material obtained with 12 ml of hexane followed by 50 
ml of 10% ethanol in hexane. The second was lipid eluted with 
60 ml of absolute ethanol, and the third was lipid eluted with 


TABLE I 
Analysis of total lipids of marine invertebrates 
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pe Phos- | Aldehyde |%:6-Unsatu- “Grated” 

issue source phorus per g ipid - g lipid was 

% pmole umole mole/mole 
Arbacia punctulata......... 1.35 106.0 78.0 0.74 
Asterias forbesi............ 0.58 64.3 56.0 0.87 
Busycon canaliculatum..... 1.52 147.0 118.0 0.80 
pS ee 2.93 65.7 69.0 1.05 
Metridium senile........... 2.35 205.0 212.0 1.04 
Mya arenaria.............. 1.82 197.0 184.0 0.93 
Mytilus edulis............. 2.15 207.0 199.0 0.96 
Pecten irradians........... 2.53 192.0 197.0 1.03 
Thyone briareus........... 1.31 106.0 104.0 0.98 
Venus mercenaria.......... 1.99 178.0 175.0 0.98 
Xiphosura polyphemus..... 1.69 160.0 153.0 0.96 
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60 ml of methanol. The solvents were removed under reduced 
pressure, and the residual lipid was dissolved in chloroform- 
methanol (2:1), made up to 10 ml volume, and analyzed. 


RESULTS 


Analysis of Total Lipid Extracts—Because it was not feasible 
to analyze some specimens for either dry or fresh weight of tissue, 
it was decided, for the purpose of this survey, to base the anal- 
yses on the total weight of lipid. Table I shows the concentra- 
tions in the lipids of eleven marine species of phosphorus, alde- 
hyde measured as p-nitrophenylhydrazone, and a ,8-unsaturated 
ether determined by iodination. The molar ratio of enol ether 
to aldehyde is shown in the last column. Three facts emerge 
from this phase of the study. First, a substantial portion of 
marine animal lipids are aldehydogenic. We may compare the 
values with those given by Wittenberg et al. (13) for rat tissues, 
According to their data, brain, which has the highest concentra- 
tion of plasmalogen among mammalian tissues, contains 138 
umoles per g of total lipid, whereas liver, the tissue with the low- 
est concentration, contains only 22 wmoles per g of lipid. The 
lipids of the eleven marine species in Table I contain an average 
of 148 umoles of plasmalogen per g of lipid (about 10% by 
weight). Second, almost all plasmalogen of these marine inver- 
tebrates has the a,8-unsaturated ether structure; the average 
value for the ratio of enol ether to higher fatty aldehyde is 0.99 
if the first three animals are excluded. The reason for excluding 
these animals is related to the third fact apparent from Table I; 
namely, that some lipid extracts show the presence of a signifi- 
cant quantity of lipid that appears to yield higher fatty aldehyde 
without containing the special reactivity of an a,6-unsaturated 
ether. This finding will be discussed further in connection with 
the lipids separated by chromatography, since it was found that 
this property was limited to lipids obtained in Fraction I. 

Chromatographic Fractionation—A method was required that 
would preserve the acid-sensitive a ,8-unsaturated ether linkage 
and would permit complete separation of ninhydrin-positive 
phosphatides from those containing choline. After a number of 
unsuccessful preliminary experiments with magnesium oxide (15), 
we turned to fractionation on silicic acid at 5°, with the use of 
hexane, ethanol, and methanol as previously described (8). 
Under these conditions, fractionation of rat lymphosarcoma lipids 
(8) and ox muscle lysophosphatidal ethanolamine (16) had not 
caused detectable hydrolysis of the unsaturated ether linkage. 
An eluting solvent (10% ethanol in hexane) was selected that, 
according to earlier results (8), would separate neutral lipids 
(Fraction 1) from phosphatides containing ethanolamine and 
serine. The latter were eluted with 100% ethanol (Fraction 2), 
and, finally, choline phosphatides were obtained by eluting ma- 
terial remaining on the column with 100% methanol (Fraction 
3). When this method was applied to rat liver lipids, only 1.7% 
of the total phosphorus was found in Fraction 1. With ram testis 
lipids, only 0.6% of the total phosphorus was found in Frac- 
tion 1. 

Analysis of Lipid Fractions Separated by Chromatography— 
The crude lipids from each animal were separated into three 
fractions which were then analyzed for aldehydogenic lipid and 
phosphorus. The results are expressed in Table II as the 
recovery in per cent of the quantity of aldehydogenic lipid and 
phosphorus applied to the column which was subsequently found 
in each of the three fractions. The initial weight of crude lipid 
and its phosphorus content are also shown, in order to permit 
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calculation of the absolute quantities if desired. The aldehydo- 
genic lipid content of the crude lipid may be obtained from Table 
I. In addition, the recovered weights (also as per cent) for 
Fractions I and II are indicated in the last two columns. 

Recoveries of both aldehydogenic lipid and phosphorus were 
good. For phosphorus, an average recovery of 99.4% (range, 
93.7 to 103.4) was obtained, whereas for aldehydogenic lipid the 
average was 99.2% (range, 94.3 to 105.6). 

The main point established by these analyses is found by com- 
paring the aldehydogenic lipid content of Fraction II with that 
of Fraction III. It is readily seen that the quantity of choline 
plasmalogen is, for all species, far less than that found in the 
ninhydrin-positive fraction. The value of the ratio of plasmal- 
ogen in Fraction II to that in Fraction III (Table III) ranges 
from a high of 28.6 (Mytilus edulis) to a low of 3.4 (Asterias 
forbesi). The a,B-unsaturated ether content of the “cephalin” 
fraction (Fraction IT) corresponds closely to its content of alde- 
hydogenic lipid in all cases (Table III). 

The results in Table II also show that a substantial portion of 
the plasmalogen appears in Fraction I, the neutral lipid fraction. 
For four species, the proportion ranges from 10 to 15%; for three, 
it is 20 to 30%; and for two, it is 40 to 50%. Only with lipids of 
L. pealeii is the quantity unimportant (3.8%). It is immediately 
apparent from the phosphorus distribution that Fraction I does 
not contain neutral lipids exclusively, and therefore the struc- 
tural significance of the plasmalogen content of this fraction 
cannot be straightforwardly assessed. A rough correlation exists 
between the per cent of total phosphorus and the per cent of 
total plasmalogen appearing in Fraction I, suggesting that the 
two may be structurally linked. Fraction I also contains the 
bulk of pigmented lipids, and these interfere to some degree with 
the p-nitrophenylhydrazone analysis, producing a result that is 
high. In the case of Limulus (X. polyphemus) lipids, the inter- 
ference was so great that a reliable analysis of this fraction could 
not be made. 


TABLE II 


Distribution of phosphorus and plasmalogen in 
chromatographic fractions 























uantity Per cent recovered 

chromato- = 

cath ciate graphed | NpH* aldehyde | Phosphorus | Weight 
wean] » | FE] BE | BF | | Be | PE | Mi 
A. punctulata..... 56.8/766/47.2/51.7| 4.8/21.4/33.1/45.1/59.0/22.9 
A. forbest. . ..... .|129.8)/752/21.8/56.0/16.5) 7.3/34.3/60.6/80.9) 6.5 
B. canaliculatum. .| 49.2/748/29.3/68.0) 2.7|11.5|44.4/42.0/55.9/18.3 
L. pealeii.........| 33.8/986| 3.8/82.5] 9.8] 2.3|35.0/61.6/29.6|25.2 
Mm. CONNE. .. 55... 33.6/790/12.5/81.0) 9.2) 7.2/51.3/35.2/31.3/34.2 
M. arenaria...... .| 39.0/710/20.7|70.7| 4.4/10.8/53.0/38.3)44.9)/28.2 
M. edulis......... 34.8/748/10.3/82.8) 2.9] 7.0/54.5/37.4/48.9/31.6 
P. irradians...... 29.9|756|14.3/78.0) 6.9) 7.8/49.0)/41.5|26.8/33.4 
T. briareus.......| 56.6/740|40.0/48. 6/10. 3/28. 4/20. 2/49. 4/65. 4/12. 4 
V. mercenaria .. ..| 37.8/753)14.2/84.0| 7.4) 6.4/56.0/38.0/42.4/31.7 
X. polyphemus....| 45.0/760) — |56.9/13.1) 7.2/39.7/56.5/51.1/21.1 
































* NPH, p-nitrophenylhydrazone. 
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Tasie III 
Relative quantities of ninhydrin-positive (‘‘cephalin’’) and choline 
plasmalogens in marine animal lipids; structural analysis of 
aldehydogenic lipid in the ‘‘cephalin’’ fraction 











Stub beeline Plasmalogen in Fr. II | a,6-Unsaturated ether in Fr. II 
P Plasmalogen in Fr. III Aldehyde in Fr. II 
mole/mole mole/mole 
A. punctulata..... 10.8 0.97 
A. foroest........ 3.4 1.07 
B. canaliculatum. . 25.2 0.95 
L. pealeta..... 0.5. 8.4 1.12 
M. senile......... 8.8 1.06 
M. arenaria....... 16.1 1.04 
M. edulis......... 28.6 1.06 
P. trradians...... 11.3 1.05 
T. briareus....... 4.7 1.12 
V. mercenaria... . 11.3 1.02 
X. polyphemus.... 4.3 1.05 











Analysis of Fraction I for plasmalogen content is subject to a 
third limitation: the concentration of plasmalogen in it is rela- 
tively low, and large amounts of neutral lipid may interfere with 
analyses involving ionized or polar reagents. It may be noted, 
for example, that with lipids from the digestive gland of Asterias 
forbesi, Fraction I contains about } of the total plasmalogen but 
# of the total weight, producing a 4-fold dilution of plasmalogen 
in neutral lipid compared with the crude extract. In the four 
cases where iodination of Fraction I lipid was studied; namely, 
A. punctulata, A. forbesi, B. canaliculatum, and T. briareus, the 
unsaturated ether to aldehyde molar ratios were 0.39, 0.72, 0.18, 
and 1.11, respectively. The low values are sufficient to account 
for the low ratios that were obtained when the total lipid extract 
was analyzed (Table I). 


DISCUSSION 


This study of the structure and concentration of plasmalogens 
in the lipids of marine animals provides definite information with 
regard to several points. First, the plasmalogens in eight of the 
eleven species examined contain the a ,B-unsaturated ether struc- 
ture almost exclusively. In the other three, 80% or more of the 
plasmalogen is in this form. The report of Bergmann and Lan- 
downe (2) that the aldehydogenic lipid of Anthopleura elegantis- 
sima contains only the acetal structure, therefore, represents an 
exceptional case that merits restudy. Second, the quantity of 
phosphatidal choline in the lipids of 11 marine animals is very 
much less than the quantity of phosphatidal ethanolamine (plus 
phosphatidal serine). This situation is analogous to that ob- 
served in mammalian brain and several other tissues (rat lym- 
phosarcoma, rat liver). The observation of Dumont (3) that the 
posterior gills of Eriocheir sinensis contain only choline plasmal- 
ogen thus supports his contention that this substance may play 
a special role in this organ, and suggests that examination of 
individual cells may be of value in understanding this role. 
Bergmann and Landowne’s observation that only choline plasmal- 
ogen is present in A. elegantissima is further evidence that the 
lipid composition of this animal is exceptional. Finally, marine 
animal tissues are shown to be as rich a source of plasmalogens 
as mammalian brain. Some of these organs may be much more 
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susceptible than brain to physiological experimentation, and they 
may thus offer a simpler tool for the study of plasmalogen 
function. 

This study has not produced proof either for or against the 
existence of non-phosphatide plasmalogens or plasmalogens with 
an acetal structure. However, it appears very probable that 
these types of plasmalogen do not constitute more than a small] 
part (less than 20%) of the total in the species examined. The 
most suitable animals for further study in this direction appear 
to be Arbacia punctulata and Busycon canaliculatum. 

One novel problem emerges from these studies; namely, the 
nature of the phosphatide that is so weakly adsorbed by silicic 
acid. Ten of the eleven species contain appreciable quantities 
of this material which is not found in significant amounts in 
mammalian tissues. Attempts to identify this substance and 
determine the basis for its abnormal behavior are in progress. 


SUMMARY 


Total lipid extracts of tissues from eleven marine inverte- 
brate species (sea urchin, starfish, whelk, squid, sea anemone, 
mussel, hard-shell clam, soft-shell clam, scallop, sea cucumber, 
and horseshoe crab) were studied for their content of aldehy- 
dogenic lipid and a,8-unsaturated ether. The results show that 
in eight species the unsaturated ether linkage accounts for al- 
most all of the plasmalogen, and in three it accounts for most 
(75 to 85%). Only a small portion of the total plasmalogen 
is found among the choline lipids. The concentration of plas- 
malogen in the lipids of many marine invertebrates is as high 
as that in the lipids of mammalian brain (greater than 10% 
of the total). 
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The isolation of estriol from meconium (1, 2), the intestinal 
content of the fetus and the newborn, indicated that the analysis 
of meconium might offer a new approach to the study of the 
endocrinology of the fetus. Therefore, an investigation of 
meconium was undertaken to determine whether other steroid 
hormones or their metabolites might be present. 

Repeated efforts to isolate 17-hydroxycorticoids established 
that only faintest traces of these compounds might be present 
(3). This report is concerned with the isolation and identifica- 
tion of A®*-androsten-36-ol-17-one from meconium and with 
evidence for a pattern of excretion of 11-deoxy-17-ketosteroids 
in meconium which differs markedly from that found in adult 
urine. 


EXPERIMENTAL PROCEDURE 


Collection and Preliminary Fractionation of Meconium—The 
meconium used in the study was excreted by male infants during 
the first 24 hours after birth. Plastic-backed disposable diapers 
were used. The diaper was folded and applied so that the plastic 
side was placed against the buttocks of the baby for the collection 
of the meconium, while the paper side was placed so that it ab- 
sorbed the urine. The meconium was scraped from the plastic 
area of the diaper into a cylinder packed in dry ice and was then 
stored at —10 to —15° until the extraction procedure was carried 
out. In this manner, 5500 g of meconium were obtained. 

The method of extraction and hydrolysis of conjugates of 
steroids was that previously described (2). This method con- 
sists essentially of an initial extraction of meconium with n- 
butanol and evaporation of the butanol extract at reduced pres- 
sure. The residue was leached successively with petroleum 
ether (b.p. 64-67°) and with 95% ethanol, and was finally sus- 
pended in phosphate buffer, pH 6.5. The final aqueous phase 
was 10% with respect to 95% ethanol. Repeated partition 
between petroleum ether and the aqueous phase was carried out, 
after which the aqueous phase was extracted several times with 
diethyl ether. Treatment of the aqueous phase with 6-glucuroni- 
dase and by means of continuous extraction at pH 1 with diethyl 
ether were then carried out to yield “glucosiduronate” and “sul- 
fate” fractions. 


* This work was supported in part by a grant (A-1049) from the 
National Institute of Arthritis and Metabolic Diseases, National 
Institutes of Health, United States Public Health Service. A 
preliminary report was presented at the 40th meeting of the En- 
docrine Society, San Francisco, California, June, 1958. 


Fractionation of Glucosiduronate Residue—The glucosiduronate 
residue was subjected to paper chromatography with the use of 
the toluene-propylene glycol system (4). The paper strips were 
allowed to develop for 12 days and the effluent was collected. 
In this manner, the 17-ketosteroids would be allowed to move 
from the chromatogram into the effluent and would be separated 
from the very polar pigments of the extract of meconium as well 
as from any more polar steroids which might be present. 

The toluene-propylene glycol effluent containing the 17-keto- 
steroid fraction was partitioned between carbon tetrachloride- 
ether (19:1) and n KOH (5). The carbon tetrachloride-ether 
extract was then separated into ketonic and nonketonic fractions 
with Girard’s Reagent T (6). The ketonic residue was further 
fractionated by treatment with digitonin to separate the a and 
B ketosteroids (7-9). The a fraction was treated a total of three 
times with digitonin to insure complete complexing of the 8 
steroids with digitonin. In this manner, glucosiduronate ketonic 
a fractions and glucosiduronate ketonic 6 fractions were pre- 
pared. The amount of Zimmermann chromogen present was 
determined by the micro method of Wilson (10) after fractiona- 
tion with Girard’s Reagent T and after precipitation with digi- 
tonin. 

The glucosiduronate ketonic @ fraction was applied to the 
middle 12 cm of strips prepared from Whatman No. 1 paper, 
which were 19 cm wide. The steroid standards, testosterone, 
etiocholanolone, and androsterone,' were applied to 1-cm areas 
2 cm distant from the area containing the residue of meconium 
on both sides of the paper. The descending chromatogram was 
allowed to develop for 24 hours in the petroleum ether (b.p. 
64-67°)-propylene glycol system (11) and the effluent was col- 
lected. Areas were cut from the paper which contained the 
standards, and a strip 2 mm wide was cut from the center of the 
paper containing the extract. These were treated with the 
Zimmermann reagents as described by Savard (12, 13), in order 
to locate 17-ketosteroids and to detect different rates of move- 
ment of the steroids across the paper. The 12-cm central area 
which was not treated with the detecting reagents was cut into 
sections according to the findings for the treated strips. The 


1 The following trivial names are used: dehydroepiandrosterone, 
A5-androsten-36-ol-17-one; testosterone, A‘-androsten-178-ol-3- 
one; etiocholanolone, 58-androstan-3e-ol-17-one; androsterone, 
5a-androstan-3e-ol-17-one; epiandrosterone, 5a-androstan-36-ol- 
17-one. 


1957 


YUM 








1958 


material on the sections of the untreated chromatograms wsa 
recovered by elution of the paper with absolute methanol. 

The typical color reaction of the 17-ketosteroids obtained by 
use of the Zimmermann reagents was not observed in the areas 
which would be expected to contain androsterone and etiochol- 
anolone. 

A negligible amount of material reacting with the Zimmer- 
mann reagents was found in the glucosiduronate ketonic 6 frac- 
tion. This fraction was not investigated further. 

Fractionation of Sulfate Residue—The ether extract obtained 
by continuous extraction at pH 0.7 of the aqueous material re- 
maining after extraction of the glucosiduronate was washed 
three times with 7s volume of 5% sodium bicarbonate and three 
times with 7s volume of water. The residue obtained after 
evaporation of this sulfate extract was separated into ketonic a 
and ketonic 8 fractions with the use of Girard’s Reagent T and 
digitonin, by the methods used for the glucosiduronate residue. 

The sulfate ketonic @ fraction was chromatographed in the 
petroleum ether-propylene glycol system for 24 hours by the 
same method used for the glucosiduronate ketonic a fraction. 
Areas corresponding to compounds with the mobility of andros- 
terone or etiocholanolone were not observed. 

The sulfate ketonic 6 fraction was chromatographed for 24 
hours, with the petroleum ether-propylene glycol system. The 
standard steroid, dehydroepiandrosterone, was applied at each 
side of the strip. Only one area reacting to give the typical 
Zimmermann color was noted on each of the three treated areas 
of the chromatogram; the three spots had the same mobility. 
Since dehydroepiandrosterone and epiandrosterone could not be 
completely separated in this system, rechromatography was 
carried out with the use of the methylcyclohexane-propylene 
glycol system (14). Again, only one spot was observed. 

Identification of Dehydroepiandrosterone from Meconium— 
Dehydroepiandrosterone (2.9 mg), as determined by the Zimmer- 
mann reaction, was obtained from the sulfate ketonic 6 fraction 
of meconium after chromatography in the methylcyclohexane- 
propylene glycol system. Mixed chromatography of the com- 
pound from meconium with authentic dehydroepiandrosterone 
in the methyleyclohexane-propylene glycol system indicated 
that the compound was dehydroepiandrosterone. 

Further proof of the identity of the compound was obtained 
by preparation and mixed chromatography in the methylcyclo- 
hexane-propylene glycol system of the Zimmermann complex 
(15) of the compound and those of authentic dehydroepiandros- 
terone and epiandrosterone. The results indicated that the 
compound from meconium was dehydroepiandrosterone and not 
epiandrosterone. 

The compound obtained from meconium was allowed to react 
in a modification of the Allen test (16), to give a blue color which 
had an absorption spectrum identical with that obtained with 
authentic dehydroepiandrosterone. 

The infrared absorption spectrum of the compound after treat- 
ment with a minimal amount of Norit A was identical with that 
of authentic dehydroepiandrosterone in all essential respects. 

The oxime of the compound isolated from meconium was pre- 
pared by a modification of the method of Butenandt et al. (17). 
The oxime, after recrystallization from aqueous ethanol, melted 
at 203-204°.2 Authentic dehydroepiandrosterone oxime pre- 

2 We are indebted to Dr. Theodore S. Weichselbaum, Washing- 


ton University, for the determination of the infrared spectrum of 
dehydroepiandrosterone from meconium. 
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pared by the same method melted at 203-205°. 
melting point of the two compounds was 202-206°. 


The mixed 


DISCUSSION 


Dehydroepiandrosterone appears to be the principal 17-keto- 
steroid of meconium, whereas etiocholanolone and androsterone 
have not been detected. This relationship is the converse of that 
found in urine of adults, in which the latter two compounds are 
invariably found; dehydroepiandrosterone has been reported to 
be present in varying amounts (18). The extent of the analogy 
between enteric excretion before birth and urinary excretion of 
steroid hormonal metabolites after birth remains to be deter- 
mined. Assuming that these two routes of excretion are com- 
parable, the hypothesis may be offered that the excretion of 
dehydroepiandrosterone is related to the period of gestation. 
Eagle (19) has presented evidence that dehydroepiandrosterone 
may be excreted in the urine by premature infants of various ages 
and weights more frequently than by full-term infants under one 
year of age who were hospitalized for various reasons. Dehy- 
droepiandrosterone has not been detected in the pooled urine of 
34 full-term infants during the first four days after birth in studies 
carried out in this laboratory.‘ 

It may be that dehydroepiandrosterone is excreted during 
intrauterine life, but has practically ceased to be excreted at term. 
Continued secretion of dehydroepiandrosterone in adult life may 
represent persistence of a fetal trait. Analysis of urine of adults 
by methods which were essentially the same as those used in the 
study of meconium has revealed that some adults do not excrete 
detectable amounts of dehydroepiandrosterone.* 

Dehydroepiandrosterone may be a precursor of androsterone 
and etiocholanolone (20-23). Secretion of dehydroepiandro- 
sterone in the absence of both androsterone and etiocholanolone 
suggests that the fetal intermediary metabolism differs in some 
way from that of the adult metabolism. 


SUMMARY 


A*-Androsten-38-ol-17-one (dehydroepiandrosterone) has been 
isolated and identified from meconium, whereas 5a-androstan- 
3a-ol-17-one (androsterone) and 58-androstan -3a-ol-17 -one 
(etiocholanolone) have not been detected. A difference between 
fetal and adult intermediary metabolism of the ketosteroids may 
be indicated by these findings. Secretion of dehydroepiandros- 
terone may be a fetal trait. 


Acknowledgment—The authors are grateful to Dr. Edward A. 
Doisy for support, criticism and encouragement during the 
pursuit of these studies. 
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Data on the normal distribution of fatty acids in the choles- 
terol ester fraction of rat plasma and liver and on factors which 
may influence their distribution are extremely limited at the pres- 
ent time. The information available has been obtained by alkali 
isomerization and silicic acid and paper chromatography tech- 
niques. These methods do not provide an adequate identifica- 
tion and estimation of the individual fatty acid components. 
Mukherjee et al. (1) reported that in normal rat blood, although 
the cholesterol ester fraction had a higher iodine value than the 
other lipid fractions, saturated fatty acids made up 56% of the 
cholesterol ester fatty acids and that oleic acid was absent. Con- 
trary to these findings, Klein and Janssen (2) reported that oleic 
acid constituted up to 59% of the cholesterol ester fatty acids of 
rat plasma. Studies (3-5) on the composition of the liver choles- 
terol ester fatty acids are in general agreement that this tissue 
contains a large proportion of saturated fatty acids and that 
these cholesterol esters differ markedly in composition from 
plasma cholesterol esters (3). 

In an earlier study from our laboratories (6) with the aid of 
gas-liquid chromatography, it was shown that human serum and 
liver were also markedly different in their cholesterol ester fatty 
acid composition. The principal fatty acids of liver esters were 
found to be oleic and palmitic, whereas in the serum the poly- 
unsaturated fatty acids constituted up to 52%, with linoleic acid 
the major fatty acid. These findings were in agreement with 
earlier studies (7, 8) which suggested that under normal condi- 
tions a large portion of the plasma cholesterol esters in the rat 
and man arise from extrahepatic sources. The present study was 
undertaken to provide quantitative data on the cholesterol ester 
fatty acid composition of normal rat serum and liver and to de- 
termine what effect the diversion of lymph cholesterol would have 
on the cholesterol ester fatty acid spectrum. Silicic acid chro- 
matography followed by gas-liquid chromatography were used 
to separate and quantitate individual fatty acid components. 


EXPERIMENTAL PROCEDURE 


Treatment of Animals and Tissues—The experimental lymph- 
fistula animals were adult male rats, weighing 225 to 250 g, of 
the Carworth strain; they had been maintained on Purina pellet 
chow. The preparation and care of the thoracic lymph-fistula 
animals have been described (7). After the operation six animals 
were given 0.9% sodium chloride solution to drink (no food) and 


* This study was supported in part by grants from United States 
Public Health Service (H-1897, H-2746) and the American Heart 
Association. 


killed 48 hours after the operation. A control group of five males 
was killed after 48 hours without food. At the time the animals 
were killed, blood (from the abdominal aorta) and the liver were 
removed. Lipid extracts of the liver and serum of each animal 
were prepared according to procedures described earlier (7, 9). 

Methods—Free and total cholesterol were determined colori- 
metrically on the lipid extracts by the method of Sperry and 
Webb (10). Cholesterol esters were separated from the other 
lipid components by chromatography on silicic acid (11). Quan- 
titative recovery of the sterol esters from the silicic acid column 
in the 1% ethyl ether-petroleum ether fraction was verified with 
the aid of labeled cholesterol-4-C™ oleate and no overlap with the 
triglyceride fraction was noted as checked with triolein-1-C™, 
The isolated cholesterol esters were interesterified in HCl-metha- 
nol and the methy| esters sublimed according to the procedure of 
Stoffel et al. (12). Gas-liquid chromatography was carried out 
as previously described (6) with a succinate polyester of diethyl- 
ene glycol as the stationary phase (13). 


RESULTS 


Normal Fasted Rats—The fatty acid composition of the choles- 
terol esters of normal rat serum and liver are shown in Table I. 
In the serum, the polyunsaturated fatty acids comprised 69.8% 
of the total cholesterol ester fatty acids. The major acid in this 
group was arachidonic! acid which made up 50% of the total 
acids. The short chain (C, to Ci2) and saturated fatty acids 
(myristic, palmitic, and stearic) accounted for 17.5% of the total 
with the major acid in this group being palmitic. The mono- 
enoics made up only a small fraction of the total fatty acids 
(12.7%). The composition of the cholesterol ester fatty acid 
fraction in the liver (Table I) was quite different from that of the 
serum. In the former, the polyunsaturated fatty acids made up 
only 21.2% of the total. The short chain and saturated fatty 
acids (myristic, palmitic, and stearic) comprised 55.5% of the 
total fatty acids; the major fatty acid of the liver esters was pal- 
mitic acid (32.5%). 

For another type of comparison of the cholesterol ester fatty 
acid composition of serum and liver, the amounts of the choles- 
terol ester fatty acids in the serum and liver were computed; the 
average results are shown in Table II. The serum had approxi- 
mately twice (3.06 mg) as much cholesterol ester fatty acids as 
the liver (1.52 mg). In respect to the individual fatty acids, the 


1 For simplicity the acids designated in the tables by chain 
length and degree of saturation are referred to in the text by their 
common trivial names. 
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TaBLe I 


Cholesterol ester fatty acid composition of serum and liver in normal 
and lymph-fistula rats 














Fatty acid* Normalt Lymph-fistulat 

awe 4 doubie Serum Liver Serum Liver 

carbons | bonds 

% total fatty acids % total fatty acids 

6 to 12 1.7 + 0.4|0.7 + 0.2 | 2.6 + 0.9/1.3 + 0.3 
14 0 |0.8 + 0.2/0.4 + 0.2] 2.74+1.4/0.3 + 0.2 
14 1 |}0.5 +0.3)0.2 +0.1)1.7+1.0 trace 
16 O {12.4 + 2.1 |82.5 + 2.5 119.8 + 2.8 |42.2 + 4.2 
16 1 |2.42+1.1)3.0 +0.9/}]3.141.9/1.7 + 0.8 
18 0 | 2.6 + 0.3 |21.9 + 7.0 | 4.6 + 2.7 |84.2 + 3.3 
18 1 | 9.8 + 0.9 |20.1 + 4.4 |14.0 + 3.3 | 9.3 + 3.4 
18 2 (19.5 + 1.9 |12.2 + 2.7 |17.9 + 1.5 | 6.2 + 2.3 
18 3 |0.3+0.3/0.2 +0.2/0.3+0.1 trace - 
20 4 |50.0 + 0.9 | 8.8 + 1.9 |83.3 + 8.3 | 4.8 + 2.5 

















* Represents the major fatty acids found. Very small amounts 
of 16:2, 20:0, 20:3 and 20:5 and others were also observed. 

+ Values represent the average of 5 to 6 rats plus or minus the 
standard deviation. 


TaBLeE II 


Cholesterol ester fatty acid contents of serum and liver in normal 
and lymph-fistula rats 

















Fatty acid Normal* Lymph-fistula* 
Chale, hag Te, dusty Serum Liver Serum Liver 

mg mg mg mg 
6 to 12 0.05 0.01 0.07 0.01 
14 0 0.02 0.01 0.08 <.01 
14 1 0.01 <0.01 0.05 <.01 
16 0 0.38 0.49 0.56 0.46 
16 x 0.07 0.05 0.09 0.01 
18 0 0.08 0.33 0.13 0.37 
18 1 0.30 0.31 0.40 0.10 
18 2 0.60 0.19 0.51 0.07 
18 3 0.01 <0.01 0.01 <.01 
20 + 1.54 0.13 0.95 0.05 
Total fatty acids 3.06 1.52 2.85 1.08 

















* The mg of the individual cholesterol ester fatty acids in the 
liver were calculated from the total cholesterol ester fatty acid 
content of the liver and the percentage of the individual acids as 
indicated in Table I. For serum the amount of individual acids 
in the ester fraction per ml was calculated as for liver and then 
multiplied by the serum volume. 


greatest differences were in the polyunsaturated group; approxi- 
mately 12 times more arachidonic and 3 times more linoleic acid 
were present in the serum than in the liver. Palmitic and oleic 
acids were present in approximately equal amounts, but the 
amount of stearic in the liver ester fraction was 4 times greater 
than in the serum. 

Normal versus Lymph-fistula Rats—Comparable data on the 
serum and liver cholesterol ester fatty acid composition of lymph- 
fistula rats are also shown in Tables I and II. In the lymph- 
fistula group also, a major portion of the serum cholesterol fatty 
acids was present as polyunsaturated acids (51.5%), but there 
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was a lower percentage of arachidonic acid in comparison to the 
normal animals. This drop in the percentage of arachidonic acid 
of the cholesterol ester fatty acids in the lymph-fistula animal 
was approximately equal to the sum of the increases in saturated 
acids and oleic acid. That this represented an actual replace- 
ment of arachidonic acid in the serum cholesterol ester fatty acids 
by saturated and monoenoic acids is shown in Table II. There 
was virtually no change in the total amount of serum cholesterol 
ester fatty acids in the lymph-fistula animal as compared to the 
normal animal. However, there was a considerable decrease in 
the amount of arachidonic acid and an increase in the saturated 
acids and oleic acid. When the amounts of liver cholesterol es- 
ter fatty acids are compared in the two types of animals (Table 
II), it can be seen that the levels of palmitic and stearic acids 
were the same, but there was a decline in the amounts of oleic, 
linoleic, and arachidonic acids in the lymph-fistula animals. Of 
the latter acids, oleic acid showed the greatest decrease (67.8%). 
Thus, in contrast to the serum cholesterol ester fatty acid level, 
which was approximately the same in both types of animals, the 
jiver fraction of the lymph-fistula animal showed a 28.9% drop. 


DISCUSSION 


The present study has provided more definitive information 
regarding the distribution of the fatty acids in the cholesterol 
ester fraction of plasma and liver in fasted rats than has been pre- 
viously available. The data indicate the presence of approxi- 
mately 10% oleic acid in the serum cholesterol esters of fasted 
rats, which is not in agreement with the report of Mukherjee 
et al. (1) that oleic acid is absent from this fraction, or with the 
report of Klein and Janssen (2) that oleic acid comprises 59% 
of the acids. These discordant results may be due to the use of 
fasted rather than fed animals or to differences in the analytical 
techniques. 

The results of the present study also show that in normal rats 
the liver and serum cholesterol esters differ widely in their com- 
position. The differences in the fatty acid composition between 
the two cholesterol ester pools suggest the possibility that there 
may be a selective exchange of the different cholesterol esters be- 
tween the liver and the blood. In accord with this, recent data 
by Klein and Martin (14) suggest that the different liver choles- 
terol esters have different turnover rates. However, the com- 
parative data on the normal and lymph-fistula animals are also 
in agreement with an alternative possibility, namely, that in the 
normal animal the serum cholesterol ester level and composition 
is controlled in part by the cholesterol ester coming by way of 
the lymph.2, When lymph is diverted, there is an increased ex- 
change of unsaturated fatty acid esters (linoleic, arachidonic, and 
oleic acids) between the liver and the blood. The data of an 
earlier study (7) indicated that in the normal rat a large portion 
of the blood cholesterol esters originated in the intestine. When 
lymph cholesterol was diverted from the blood, by way of a 
fistula, the synthesis of both free and esterified cholesterol from 
C'-acetate was greatly increased. However, in the lymph-fis- 
tula rats the cholesterol ester content of the blood was maintained 
at its normal level, whereas that fraction of the liver decreased 
as in the present experiments. Confirmatory evidence was ob- 


2 Unpublished data on the cholesterol ester fatty acid composi- 
tion of lymph indicate that the major acids of fasting rat lymph 
are palmitic, linoleic, and oleic acids, with the polyunsaturated 


fatty acids comprising 36% of the total cholesterol ester fatty 
acids. 
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tained in a more recent study in man (8) in which it was shown 
that the turnover rate of liver cholesterol esters is insufficient to 
account for the observed turnover rate of this fraction in the 
plasma. 

Of particular interest is the observation that normal fasted rat 
serum cholesterol ester fatty acids have a very high content of 
arachidonic acid (50%). Other studies (1, 2), with the aid of 
the alkali isomerization technique, have also reported high levels 
of polyunsaturated fatty acids in rat plasma cholesterol esters. 
In contrast to those findings in the rat, the major fatty acid of the 
cholesterol ester fraction of human serum is linoleic acid, with 
arachidonic acid constituting only 5 to 10% of the total fatty 
acids (2, 6, 15, 16). It has been hypothesized (17) that a defi- 
ciency of the factors needed for the synthesis of arachidonic acid, 
linoleic acid, and pyridoxine, may be an important factor in the 
development of atherosclerosis in man. The very large propor- 
tion of arachidonic acid in the serum cholesterol ester fatty acids 
of the rat and the resistance of this animal (18, 19) to experi- 
mentally produced atherosclerosis suggest the importance of fur- 
ther examination of that hypothesis. Arachidonic acid may have 
a significant role in transporting cholesterol in and out of the tis- 
sues. The rabbit,’ which is highly susceptible to the production 
of atherosclerosis by dietary means, has a very low content of 
arachidonic acid in the serum cholesterol esters. Another factor 
contributing to the difference in arachidonic acid levels between 
the rat and man may be the different dietary habits of the two 
species since man generally consumes diets containing approxi- 
mately 30% fat, whereas the usual rat pellet chow contains only 
5% fat. 


SUMMARY 


1. The cholesterol ester fatty acid composition of the serum 
and liver of normal and lymph-fistula rats were determined by 
gas-liquid chromatography. 

2. The serum and liver of the normal animal are distinctively 
different in their cholesterol ester fatty acid composition. Up 
to 70% of the total cholesterol ester fatty acids in the serum were 
polyunsaturated. The major acid of normal rat serum cholse- 
terol esters was arachidonic acid (50%). The major fatty acids 


3 Unpublished data. 
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of the liver were of the saturated and monoenoic type with pal- 
mitic acid predominating (32.5%). 

3. Removal of lymph cholesterol by way of a fistula decreased 
the amount of arachidonic acid in the serum with a proportionate 
increase in the percentage of saturated and oleic acids. The liver 
of those animals showed a drop in the total cholesterol ester con- 
tent and in the percentage of polyunsaturated fatty acids in the 
ester fraction. 

4. The results of the present study suggest that both the liver 
and the lymph cholesterol ester play an important role in the 
regulation of the blood cholesterol ester level and composition. 
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Our recent studies on the metabolism of bile acids led to the 
isolation of four new acids (1-3). Chemical studies and partial 
syntheses have established that three of these new acids are 
3a,6,7-trihydroxycholanic acids, isomeric with hyocholic acid 
(3a ,6a,7a-trihydroxycholanic acid) which was isolated and 
named by Haslewood (4); it was also isolated and studied by 
Ziegler (5). Two of these new acids, Acid I (3a,68 ,78-tri- 
hydroxycholanic acid) (6) and Acid II (3,68 ,7a-trihydroxy- 
cholanic acid) (7), are normal constituents of rat bile (1); recently 
they have been found as metabolites of chenodeoxycholic-24-C™ 
acid in the bile of mice (8) and in the urine of surgically jaundiced 

mice. The fourth epimeric 6,7-glycol, Acid IV (3a, 6a ,7{-tri- 
‘hydroxycholanic acid) (9), was isolated as a metabolite of hyo- 
|deoxycholic acid in the rat (2). In order to designate these new 
‘acids by trivial names more appropriate to their origin we have 
chosen the name “muricholic acids’? from the Latin mus, muris, 
meaning rat or mouse. We propose to use the prefixes “a’’ and 
“8” to signify the orientation of the hydroxyl group at C-7; 
thus the 68,7a-glycol (Acid II) is a-muricholic acid, and the 
68 ,78-glycol (Acid I) is B-muricholic acid. The 6a,7a-glycol 
which we isolated from hog bile and referred to as Hog Acid was 
later shown to be identical with Haslewood’s hyocholic acid 
(4,5, 10). For the fourth and last epimeric 6,7-glycol, Acid IV 
(6a ,78) we propose the name, w-muricholic acid. 

This paper presents the results of additional chemical studies 
relevant to the structures of these acids and a comparison of 
some of their physical and chemical properties. 


EXPERIMENTAL PROCEDURE® 
A. Hydrogenolysis of Thioketals Related to a-Muricholic Acid 


Previous communications have reported that hyocholic and 
w-muricholic as well as synthetic 3a ,6a-dihydroxy-7-ketocholanic 
acid were converted to hyodeoxycholic (3a,6a-dihydroxy- 


' Unpublished observations in our laboratories. 

? These names have been discussed with Professors G. A. D. 
Haslewood and S. Bergstrém. 

‘All melting point determinations were taken on the Fisher- 
Johns apparatus and are reported as read. Specific rotations were 
taken ina l-dmtube. Infrared spectra were determined in Nujol 
with a Perkin-Elmer spectrometer, model 21, with rock salt optics. 
The method of partition chromatography was the same as de- 
scribed previously (1). We have abbreviated the designation of 
fractions from this column according to the per cent of benzene in 
Skellysolve B. Each solvent mixture was collected in four por- 
tions. For example, 60-3 represents the third fraction of the 
eluate containing 60% benzene in Skellysolve B. 
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cholanic) acid through an ethylenethioketal derivative at C-7 by 
hydrogenolysis with Raney nickel, thus establishing the 6a- 
hydroxyl group in the original compounds (10-12). In these 
instances the ketol contained the more stable equatorial 6a- 
hydroxyl group. It is of interest to ascertain if the axial 68- 
hydroxyl group adjacent to a ketone could be treated similarly 
and retain its orientation. For this purpose, the diaxial glycol 
a-muricholic acid and its derivatives were subjected to the same 
sequence of reactions. 

Partial Oxidation of a-Muricholic Acid (I, Scheme I) with 
Chromic Anhydride—A solution of 278 mg of a-muricholic acid 
in 30 ml of acetic acid and 3 ml of water was cooled in an ice 
bath and treated by the dropwise addition of a solution of 46.8 
mg (1.0 equivalent) of chromic anhydride in 5 ml of acetic acid. 
The temperature of the mixture was kept below 5° for 24 hours. 
Water was then added and the product extracted with ether and 
purified by partition chromatography. The major portion (JJ) 
amounting to 196 mg was eluted in 60-2 and 60-3, fractions in 
which 3a ,6a-dihydroxy-7-ketocholanic acid had been found in 
earlier work (10). Reduction of 20 mg of this oil with sodium 
borohydride gave a product which on chromatography was 
eluted in Fractions 80-3 and 80-4, and was identified as a-muri- 
cholic acid by melting point, mixed melting point, and infrared 
spectroscopy (Scheme I). 

Desulfuration with Raney Nickel—The remainder of the oil 
(176 mg) was converted to the ethylenethioketal derivative (III) 
as described previously (10); it yielded 169 mg of material which 
also resisted crystallization. This oil was refluxed with 1 g of 
Raney nickel in 10 ml of acetone and 2 ml of water for 21 hours. 
The products were separated by partition chromatography; 36 
mg of lithocholic acid (IV) were obtained from Fractions 0-1 and 
0-2, and 15 mg of another acid from Fractions 40-1 and 40-2. 
The latter acid was identified as 6-ketolithocholic acid (V), m.p. 
158-160°. Mixed melting point of these acids with authentic 
samples gave no depression. The infrared absorption spectra 
were also comparable with those of authentic lithocholic acid 
and 6-ketolithocholic acid, respectively. 

The isolation of 6-ketolithocholic acid (V) in this experiment 
was unexpected. An explanation was difficult partly because 
it was not clear which hydroxyl group of a-muricholic acid was 
oxidized by treatment with chromic anhydride. In order to 
clarify this ambiguity, the 68-acetoxy-7-ketone (X) was pre- 
pared and studied. 

3a ,68-Diacetate of a-Muricholic Acid (IX) (Scheme II)— 
Methyl 3a-acetoxy-6a ,7a-epoxycholanate (VI) (7) (1.5 g) was 
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hydrolyzed with methanolic KOH to yield the free acid (VIJ) 
(1.2 g), m.p. 228°, needles from aqueous methanol. 


CuHs0, 
Calculated: C 73.80, H 9.81 
Found: C 73.65, H 9.76 


Acetylation of this acid (VII) with a mixture of acetic an- 
hydride and pyridine yielded 3a-acetoxy-6a ,7a-epoxycholanic 
acid (VIII) (1.1 g), m.p. 211-213°. 


C26H Os 
Calculated: C 72.18, H 9.32 
Found: C 72.55, H 9.26 


Acetolysis of 700 mg of the epoxide (VJII) was effected by 
refluxing in 30 ml of glacial acetic acid for 3.5 hours. To hy- 
drolyze any anhydride which might have been formed during 
the reaction, 10 ml of water were added to the reaction mixture 
and the refluxing continued for another half hour. The products 
were then extracted and separated by partition chromatography. 
The major product ([X) appearing in Fractions 20-1, 20-2, and 
20-3, weighed 694 mg, and could not be crystallized. 

Oxidation of 3a ,68-Diacetate of a-Muricholic Acid (IX) and 
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Desulfuration of Thioketal Derivative (XI)—Of the oil (IX) ob- 
tained from above, 534 mg were dissolved in 5 ml of acetic 
acid and oxidized with 87 mg (1.2 equivalent) of chromic ap. 
hydride. The product of oxidation was purified by partition 
chromatography; 488 mg of an oil (X) were obtained in Frac- 
tions 0-3, 0-4, and 20-1. The shift in the chromatographic pat- 
tern is strongly indicative of oxidation of a secondary alcohol to 
a ketone. 

Previously we have described the formation of a 68-bromo- 
7a-hydroxy derivative from the a-epoxide (VI) by treatment 
with HBr (7); by analogy, Compound (X) should be the 6- 
acetoxy-7-ketone. Its ultraviolet absorption maximum at 294 
my can therefore be compared with that of 3-acetoxy-7-keto- 
cholanic acid (288 my) (10). The shift of 6 my to a longer 
wave length as compared to the absorption of the parent ketone 
indicates the presence of an axial 68-acetoxyl group according 
to the studies of Cookson and Dandegaonker (13). Introduction 
of an equatorial acetoxy] group causes a shift in absorption to a 
shorter wave length. 

The thioketal derivative (XZ) was prepared from 386 mg of 
this product (X) with ethylenedithiol and boron fluoride as 
described in the previous experiment to yield 319 mg of an oil. 
Desulfuration was carried out in 40 ml of ethanol and 5 ml of 
water with 1.6g of W-2 Raney nickel by stirring at room tem- 
perature for 16 hours and then refluxing for 6 hours. The 
catalyst was removed by filtration, the filtrate made alkaline 
with NaOH, heated for 1 hour on a water bath, and then left at 
room temperature overnight. After chromatography the main 
product was identified as lithocholic acid (IV) (57 mg). A small 
amount (23 mg) of 6-ketoallolithocholic acid (XII) was found in 
Fractions 20-4, 40-1, and 40-2. 

In another experiment, 500 mg of the thioketal derivative 
(XI) were desulfurated with 2.4 g of W-2 Raney nickel by re- 
fluxing for 21 hours in an acidic medium containing 25 ml of 
ethanol, 8 ml of water, and 8 ml of acetic acid. The products 
(390 mg) were treated with methanolic KOH. After separation 
by partition chromatography, lithocholic acid (IV) (56 mg), and 
3a-hydroxy-68 ,78-epoxycholanic acid (XIII) (6) (28 mg, m.p. 
174-176°; Fractions 20-1 and 20-2) were identified by melting 
point, mixed melting point and infrared spectra. The structure 
of the epoxide (XIII) was established by converting it to 68- 
hyodeoxycholic acid (XV) as described in the subsequent para- 
graph. 

68-Hyodeoxycholic Acid (XV) from 3a-Hydroxy-68 ,7B-epory- 
cholanic Acid (XIII)—One milliliter of 48% aqueous HBr was 
added to a solution of 100 mg of (XJJI) in 15 ml of acetone. 
The mixture was chilled in an ice bath for 1 hour, diluted with 
water, and extracted with ether. The product (XIV) was 
crystallized from a mixture of benzene and acetone, (110 mg), 
m.p. 145-148°. This material was highly solvated, and evolved 
gas upon melting. After dehalogenation with Raney nickel as 
described previously (6), chromatographic separation yielded 34 
mg of 66-hyodeoxycholic acid (XV), m.p. 208-210°. The 
identity was established by mixed melting point and infrared 
absorption spectrum. 


B. Replacement of 68-Bromide 


Both a- and 8-muricholic acids were obtained previously from 
methyl 3a,68-diacetoxy-7a-bromocholanate (6, 11) by treat- 
ment with silver acetate in acetic acid. Debromination of the 
same bromocholanate with Raney nickel followed by hydrolysis 
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with methanolic KOH yielded 3a,68-dihydroxycholanic acid. 
This provides strong evidence for the configuration of the 68- 
hydroxyl in both a- and 8-muricholic acids. To obtain addi- 
tional information on the structures of the glycols and the stereo- 
chemistry at C-6 and C-7, similar experiments were carried out 
with the isomeric methyl 3a,7a-diacetoxy-68-bromocholanate 
(XVII, Scheme III). 

Hyocholic Acid (XX) from Methyl 3a ,7a-Diacetoxy-68-bromo- 
cholanate (XVII) (Scheme III)—The bromohydrin acetate 
(XVII) was prepared by acetylation of methyl 3a-acetoxy-68- 
bromo-7a-hydroxycholanate (XVJ) (7) with pyridine and acetic 
anhydride at room temperature. It has a melting point of 123- 
125°; vmax = 1742, 1232, and 737 cm-. 


C2Hy;06Br 
Calculated: C 61.15, H 7.97, Br 14.05 
Found: C 61.82, H 7.89, Br 14.19 


Compound (XVII), 100 mg, was refluxed in 10 ml of acetic 
acid and 1 ml of water with 40 mg of silver acetate for 8 hours. 
After cooling, the mixture was filtered, and gave 26 mg of silver 
bromide which corresponds to about 80% of the theoretical 
amount. The filtrate was diluted with water and extracted with 
ether. The oily residue from the ether extract (108 mg) was 
chromatographed on 10 g of silica gel. From the fractions 
eluted with 40 and 60% ether in Skellysolve B, 86 mg of colorless 
oil were obtained. After hydrolysis with methanolic KOH, and 
separation by partition chromatography, 50 mg (62% of theo- 
retical) of hyocholic acid (XX) were obtained; m.p. 186—187°; 
the identity was established by mixed melting point and the 
infrared absorption spectrum. 

In another experiment, the bromide (XVIJ) was treated with 
silver acetate under anhydrous conditions in acetic acid contain- 
ing acetic anhydride (11): 48 mg of silver acetate were refluxed 
in 15 ml of glacial acetic acid and 5 ml of acetic anhydride for 30 
minutes and then 150 mg of (X VIZ) were added and the mixture 
heated at 100—-110° for 9.5 hours. After cooling, the mixture 
was filtered and yielded 35 mg (70% of theoretical) of silver 
bromide. The filtrate was diluted with water and extracted 
with ether. The residue after evaporation was hydrolyzed with 
10% methanolic KOH by refluxing for 3 hours. The acidic 
products were subjected to partition chromatography and yielded 
52 mg of hyocholic acid. No a-muricholic acid was found. 

Chenodeoxycholic Acid (XIX) from (XVII)—Compound 
(XVIJ), 109 mg, was refluxed in 25 ml of ethanol, 10 ml of water, 
and 1 ml of acetic acid with 1.2 g of Raney nickel for 20 hours 
and yielded 92 mg of crystals, m.p. 125-127°. This material 
was identified as the methyl ester diacetate of chenodeoxycholic 
acid (XVIII) by comparing its infrared spectrum with that of 
an authentic sample. After hydrolysis with 15% methanolic 
KOH by refluxing for 5 hours, the product was purified by parti- 
tion chromatography, yielding 58 mg (77% theoretical) of cheno- 
deoxycholic acid (X7X), m.p. 140-142°; mixed m.p. with an 
authentic sample of chenodeoxycholic acid gave no depression. 
The infrared spectrum was comparable with that of cheno- 
deoxycholic acid. 


C. Oxidation of 3a ,6 ,7-Trihydroxycholanic Acids by 
Periodic Acid 
Previous studies have shown differences in the rate of oxidation 
of the four isomeric trihydroxy acids by periodic acid (7, 9, 10). 
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Fic. 1. Rate of oxidation of 3a,6,7-trihydroxycholanic acids 
with periodic acid. w-Muricholic acid, @——@; 8-muricholic 
acid, X——X; hyocholie acid, A——A; and a-muricholic acid, 
@—@. The conditions and method of determination are de- 
scribed in the text. 


The experiment was repeated with more dilute solutions so that 
the rates of oxidation were slower and the course of the reaction 
could be better followed. A stock solution of each acid in 
methanol (1.0 mg per ml) was prepared. Aliquots of 1 ml were 
taken and each was diluted with 2 ml of methanol before the 
addition of 0.2 ml of periodic acid solution (1.24 g of HsIO, dis- 
solved in 200 ml of water and stabilized by the addition of 270 
mg of sulfuric acid) (10). After a predetermined interval of 
time, the reaction was arrested by the addition of 2 ml of 0.010 n 
sodium arsenite solution followed by four drops of saturated 
NaHCO; solution and four drops of 20% KI solution. After 10 
minutes, the excess of arsenite was titrated with 0.01 N iodine 
solution. A blank (3 ml of methanol) was treated similarly. 
The difference in the volume of iodine solution consumed by the 
sample and that by the blank represents the periodic acid con- 
sumed by the glycol. Theoretically, 0.50 ml of 0.010 n iodine 
solution corresponds to 100% oxidation. The experiment was 
conducted at 26° + 0.2°. The results are presented in Fig. 1. 
It can be seen from Fig. 1 that w-muricholic acid was oxidized 
at a faster rate than 6-muricholic and hyocholic acids. Less 
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TABLE I 


Proposed trivial names for new bile acids 
and physical properties 








Mp 
Trivial name ee OH groups| m.p. [ald - my 

colts served 

degrees degrees degrees | degrees 

a-Muricholic | Acid II | 3a,68,7a|\200 +3842 +60) +155 
B-Muricholic | Acid I 3a , 68 , 78|226-228|+-61.54:2) +234) +257 
Hyocholic Hog acid} 3a, 6a , 7a|/185-186|+8+1 —47| +33 
w-Muricholic | Acid IV | 3a,6a,78/152 +3622 | +127) +147 

189-191 























than 3% of a-muricholic acid was oxidized during a period of 2 
hours. Calculations from the data presented in Fig. 1 indicate 
that the oxidation follows the course of a second order reaction. 


D. Molecular Rotations 


The molecular rotations of the four isomeric trihydroxy bile 
acids are given in Table I. The calculated values are derived 
by addition of the molecular rotatory contribution of the in- 
dividual hydroxyl groups (14) to the molecular rotation of litho- 
cholic acid (M, = +132°, [a], = +35°). 


DISCUSSION 


The course of desulfuration in the present study deviates re- 
markably from that of our previous experiments (10, 11). After 
desulfuration of the ethylenethioketal obtained from a-muri- 
cholic acid, no 3a,68-dihydroxycholanic acid was obtained; in- 
stead, lithocholic acid was the major product accompanied by 
either a ketone (V or XJJ) or an epoxide (XIII). The ketone 
was obtained from a reaction medium of alcohol or acetone and 
the epoxide from acetic acid. 

The isolation of 6-ketones and the 68,78-epoxide was un- 
expected. The mechanism of desulfuration is not understood, 
but the present results may be explained by postulating the 
formation of monothioethers as intermediates. Support for this 
view is found in a recent report by Clarke and Martini (15), who 
observed that a thioketal was partially desulfurated to yield a 
thioether. In our experiment, the pH of the medium may de- 
termine the conformation of the monothioether; complete de- 
sulfuration may then lead to the formation of the ketone or the 
epoxide in a manner analogous to the action of alkali on cis or 
trans halohydrins to yield ketones or epoxides, respectively (16, 
17). Acceptance of this explanation must, however, await 
further investigation. 

On the other hand, the ketone may be formed by dehydrogena- 
tion in the presence of Raney nickel (18). In unpublished ex- 
periments, however, it has been found that 3a,6a- or 3a,66- 
dihydroxycholanic acid is recovered unchanged after refluxing 
with Raney nickel. The possible influence of a-thiosubstituents 
is not known. The 6-ketoallolithocholic acid (XII) apparently 
was a product of isomerization from 6-ketolithocholic acid (V) 
during alkaline hydrolysis (19, 20). 

Retention of orientation of the remaining hydroxy] group after 
partial oxidation of a-muricholic acid (Scheme I) was shown by 
the reduction of (IZ) to a-muricholic acid (I) with sodium boro- 
hydride; however, it was not clear whether the main product (JJ) 
was a 6- or a 7-ketone. In the subsequent experiment (Scheme 
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II) the 68-acetoxy-7-ketone (X) was prepared for comparison, 
Since a 6-ketone was found in both instances after desulfuration 
with Raney nickel, it appears that (IZ) is also a 7-ketone. Thus, 
of the two axial hydroxyl groups, 68 and 7a, the latter appears 
to be more easily oxidized by chromic anhydride.‘ Since sub- 
stituents at C-7 are more hindered than at C-6, this result con- 
tributes to the current view that the release of ‘compression 
energy” accelerates oxidation by chromic anhydride (17). 

In these experiments desulfuration did not follow the course of 
the reaction reported for the 6a derivative, in that it did not 
produce any dihydroxy acid which would support our views of 
the structure of the original glycol (7). The results, neverthe- 
less, support the structural evidence provided in our earlier 
experiments on the 6a-ketol; the axial 68-hydroxyl group did 
not undergo inversion to yield the equatorial 6a-isomer. Thus, 
the hyodeoxycholic acid obtained previously from hyocholic and 
w-muricholice acids by desulfuration of the 7-thioketal (11) was 
not a result of inversion at C-6, but indeed constitutes a part of 
the structure of the original glycols. 

The experiments outlined in Scheme III support the presence 
of a 7a-hydroxy] group in hyocholic acid, which is in agreement 
with the structure already proposed (4, 5, 10, 11). Acetolysis 
of the bromohydrin acetate with silver acetate (XVJJ), either 
under anhydrous conditions or in the presence of water yielded 
hyocholic acid and not a-muricholic acid. This is in contrast 
with our previous experiment on the acetolysis of methyl 3a,68- 
diacetoxy-7a-bromocholanate (11), in which a-muricholic acid 
was obtained in 56% yield under anhydrous conditions. It was 
also noted that the rate of debromination was different in the 
two instances; debromination of the 68-bromide (XVIJ) pro- 
ceeded at a much slower rate.5 The mechanism of acetolysis of 
trans-bromohydrin acetates as proposed by Winstein and Buckles 
(21) involves the formation of a cyclic orthoacetate intermediate 
which gives rise to the cis-glycol in the presence of water and 
trans-glycol under anhydrous conditions. This is evidently the 
case with acetolysis of methyl 3a,6@-diacetoxy-7a-bromo- 
cholanate (6, 11). However, acetolysis of (X VIZ) in the present 
study seems to have followed a different course. The conforma- 
tion of Rings A and B of the bile acid nucleus is such that the 
4a-hydrogen is in close proximity of the a-side of C-6 and C-7 
and apparently can prohibit participation of the 7a-acetoxyl 
group in the formation of the cyclic orthoacetate. Replacement 
of the 66-bromide may have been accomplished by a direct attack 
of an acetoxyl group from the opposite a-side. The result is a 
6a configuration with Walden inversion. Hindrance in the 
a-side of Ring B is also noted in the hydroxylation of methyl 
3a-acetoxy-A®-cholenate with osmium tetroxide (6, 22); the 
product was the 66 ,78-glycol and not the 6a,7a-glycol. In this 
case, a cyclic intermediate must be formed between osmium 
tetroxide and the steroid nucleus. Apparently the a-side of C-6 
and C-7 is sterically unfavorable for the formation of such a 


‘In an unpublished experiment, a mixture of 50 mg of cheno- 
deoxycholic acid and 50 mg of 68-hyodeoxycholic acid was oxidized 
with 8.5 mg of chromic anhydride in 90% aqueous acetic acid at 
2-5°. The products were subjected to partition chromatography. 
The two main bile acids were identified as 7-ketolithocholic acid 
(35 mg) and 68-hyodeoxycholic acid (34 mg). 

5 Debromination of methyl 3a,68-diacetoxy -7a-bromochol- 
anate by silver acetate in wet acetic acid was essentially complete 
in 1.5 hours (7), whereas under comparable conditions, only 33% 
of the 68-bromide (XVIJ) was debrominated in 1 hour, 58% in3 
hours, and 80% in 8 hours. 
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complex, and the reaction takes place overwhelmingly on the 
g-side of Ring B. 

The rate of oxidation of the four acids with periodic acid is also 
related to the stereochemistry of the bile acid nucleus. Arranged 
in the order of decreasing rate of oxidation, the four acids are: 
w-muricholic (diequatorial, trans), > 6-muricholic (axial, equa- 
torial, cis), > hyocholic (equatorial, axial, cis), > a-muricholic 
(diaxial, trans). The last mentioned, a-muricholic acid, is 
practically resistant to oxidation. These results are compatible 
with the concept of the formation of a cyclic intermediate be- 
tween the glycol and periodic acid during oxidation (23, 24). 
The projected angle of 180° between the diaxial trans 68- and 
7a-hydroxyl groups in a-muricholic acid appears to be too great 
for the formation of a cyclic intermediate with periodic acid and 
hence oxidation does not proceed. Similar results were reported 
for diaxial hexose derivatives (25) and cholestane-38 , 68 ,7a-triol 
(26). On the other hand, the projected angle of 60° in the other 
three isomeric glycols permits rapid oxidation by periodic acid. 
The difference in rate among these three acids may be again 
explained by considering the stereochemistry concerning C-6 and 
C-7. If the a-side of the bile acid nucleus is sterically hindered 
for the formation of an osmate or an orthoacetate, it must also 
hinder the formation of the periodate complex. Hyocholic acid 
(the cis 6a,7a-glycol) is in fact oxidized at a rate appreciably 
less than that of 8-muricholic acid. The diequatorial trans 
w-muricholic acid was oxidized at a faster rate than the cis 
§-muricholic acid. Similar results have been reported for the 
oxidation of cholestane-38 ,6a,7@-triol (26). These are ap- 
parent exceptions to the general rule that cis glycols are oxidized 
more rapidly than trans glycols (27). The oxidation of the cis 
6-glycol may be impeded by the proximity of the C-19 methyl 
group (1,3-diaxial interference (17)); this interference by the 
methyl group is not possible in the case of the diequatorial glycol 
and the cyclic periodate intermediate may be formed more 
easily. 

In comparing the molecular rotation values of the four glycols, 
a general agreement is found between the calculated and the 
observed values, although quantitative agreement is lacking. 
The discrepancy is due perhaps to “vicinal effects” of the glycols. 
All calculated values are lower than the observed value. It will 
be noted that the difference between the observed and the 
calculated M, values for the 76 derivatives is about the same 
(+17° and +23°) and that the difference for the 7a derivatives 
is of the same order (+86° and +95°). Similar correlation is 
not found in the 3a@,11,12-trihydroxycholanic acids (28) or the 
cholestane-2 ,3-diols (29). Kagan (22) and Ziegler (5) have used 
the values of molecular rotation to support the structures pro- 
posed for 8-muricholic acid and hyocholic acid, respectively. 


SUMMARY 


1. The trivial names ‘“a-, B-, and w-muricholic acids’ are 
proposed for the new bile acids previously referred to as Acids 
II, I, and IV, respectively. 

2. Hydrogenolysis of the 7-ethylenethioketal derivative from 
a-muricholic acid did not produce 66-hyodeoxycholic acid; in- 
stead, lithocholic acid, 6-ketolithocholic acid, 6-ketoallolitho- 
cholic acid, and 3a-hydroxy-66,78-epoxycholanic acid were 
among the products identified. 

3. Acetolysis of methyl 3a,7a-diacetoxy-68-bromocholanate 
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yielded hyocholic acid but not a@-muricholic acid. The steric 
significance was discussed. 

4. The rate of oxidation of each of the four acids with periodic 
acid was determined and found to be in the following order: 
w-muricholic > 8-muricholic > hyocholic > a-muricholic. Less 
than 3% of a-muricholic acid was oxidized during a period of 2 
hours. 


5. The calculated and observed values of molecular rotation 


of the four acids were compared and found to be in general agree- 
ment. 
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A study in vivo of 19-nortestosterone metabolism in the post- 
menopausal woman has revealed a metabolic pattern of products 
similar to that obtained after the administration of testosterone 
(1). In the present investigation the transformation of 19-nor- 
testosterone by female rat liver homogenates was studied. The 
rate of reduction of ring A by this tissue system appeared to be 
extremely rapid. Four major products were isolated and identi- 
fied. These were: 3a-hydroxy-19-nor-5a-androstan-17-one (19- 
norandrosterone) and the previously undescribed metabolites 
36-hydroxy-19-nor-5a-androstan-17-one (19-norepiandroster- 
one), 19-nor-5a-androstane-3a,178-diol, and 19-nor-5a-andros- 
tane-36 , 178-diol. 


METHODS 


Thirteen female rats weighing approximately 200 g were killed 
and bled. The livers were removed, washed with distilled water, 
and placed immediately on ice until collection was complete. 
Ninety-eight grams (wet weight) of liver were homogenized in 
100 ml of 0.154 m KCI solution for 30 seconds in a Virtis homog- 
enizer at 5°! Incubations were carried out in eighteen 125- 
ml Erlenmeyer flasks at 37° in air for 1 hour.? Each flask con- 
tained 10 mg (0.0364 mmole) of 19-nortestosterone dissolved in 
0.2 ml of propylene glycol, 0.035 mmole of TPN,? 0.375 mmole 
of phosphate buffer (pH 7.2), and 7.5 ml of liver homogenate in 
a final volume of 15 ml. After incubation the contents of the 
Erlenmeyer flasks were added to 300 ml of acetone. The result- 
ing mixture was stirred for 1 hour and filtered through a Buchner 
funnel. The clear filtrate was concentrated under reduced pres- 
sure to a volume of 180 ml. Methanol, 420 ml, was added and 
the resulting solution extracted with 400 ml of petroleum ether. 
The petroleum ether phase was back extracted with 70% aqueous 
methanol and the aqueous methanolic phases were combined. 
The washed petroleum ether phase was discarded. The alcoholic 
extract was concentrated under reduced pressure to about 400 
ml and then extracted with 800 ml of chloroform. The chloro- 
form phase was washed once each with 200 ml of 5% sodium 
bicarbonate, 200 ml of 0.01 n NaOH, and water. The washed 
chloroform phase was dried over Na2SO, and evaporated to dry- 
ness under vacuum. 


* This work was supported in part by Grant No. A-2672 from 
the United States Public Health Service. 

1 Incubations were carried out with a freshly prepared homoge- 
nate. On standing in the cold for 24 hours a total loss in activity 
resulted. 

? The reduction of ring A, measured by a decrease in absorbancy 
at 240 my, was complete (98%). 

3 This concentration gave maximal reduction in 20 minutes. 


EXPERIMENTAL PROCEDURE 


The crude residue was separated into ketonic and nonketonic 
fractions (2). The ketonic fraction (31.7 mg) was chromato- 
graphed on two 15-cm wide strips of paper and developed in the 
ligroin-propylene glycol system for 48 hours. The overflow was 
collected. The strips were dried in air at room temperature. 
Two-millimeter strips were cut along the length of the chromato- 
grams and the steroid-containing zones were detected with the 
dinitrophenylhydrazine reagent, Zimmermann reagent, and 
ultraviolet absorption. Results are illustrated in Table I. Cor- 
responding zones were cut off the paper strips and eluted with 
methanol-methylene chloride (1:1). Zone I contained a com- 
ponent in small quantity, identified by migration rate and color 
reactions as the unreacted 19-nortestosterone. The eluate of 
zone II was evaporated to dryness (7 mg). Zone III was eluted, 
combined with the overflow and evaporated to dryness (sub- 
stance A, 8 mg). 

Substance A was chromatographed on paper for 24 hours 
yielding a single zone which gave a stable Zimmermann color, 
weak yellow dinitrophenylhydrazine reagent, and no ultraviolet 
absorption. The relative rate of migration of the zone with 
respect to 19-nor-A‘-androstene-3 ,17-dione was 0.6. The rates 
of migration of zone II and substance A indicated that they were 
composed of substances which were less polar than 19-nortestos- 
terone but more polar than 19-nor-A‘-androstene-3 , 17-dione. 
The positive Zimmermann and negative ultraviolet tests indi- 
cated the absence of an a,8-unsaturated ketone and the presence 
of a 17-ketone. Infrared spectra of the crude material of zone 
II and substance A showed hydroxyl and cyclopentyl ketone 
absorptions, suggesting that both substances were monohy- 
droxy , 17-ketosteroids. 

Substance A was chromatographed on silica gel and eluted 
with benzene and benzene-ethyl acetate mixtures. Elution with 
benzene-ethyl acetate, 9:1, yielded 6 mg of a white amorphous 
substance, AXBE 2.72 to 3.0 (free and bonded hydroxyl), 5.78 
(cyclopentyl ketone), and 6.0 u (isolated C=C). Crystallization 
from acetone-hexane yielded colorless needles with a double 
melt; 149°, 166-167°; [a] #-7 110 (c, 0.765 in CHCl); AZBP 2.75 
(hydroxyl), 5.75 (cyclopentyl ketone), 9.0, 9.35, 9.49, 9.65, 9.81, 
and 10 u. The absorption band at 10 uw was good evidence for 
the presence of an axial hydroxyl (3). Positive identification 
of this compound was established after partial synthesis of 3a- 
hydroxy -19-nor-5a-androstan-17-one from 19-nor-5a-andros- 
tane-38 ,178-diol.4 The incubation product and the synthetic 


4D. Kupfer, E. Forchielli, and R. I. Dorfman, to be published. 
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TaBLeE I 
Reactions on paper of 48-hour chromatograms of ketonic fraction 




















Zone* iste ot nes et wie Zimmermann reagent 
Standardt 1 aa Orange Gray (fades) 
I 1 + Orange Gray (fades) 

II 3 ~ Yellow (weak)} Violet (stable) 

III 5t - Yellow (weak)} Violet (stable) 

Overflow - Yellow (weak)} Violet (stable) 





* Zones listed in order of increasing mobility. 
+ 100 ug per cm of paper of 19-nortestosterone. 
t Migrating off the paper. 
TaBLeE II 
Fractionation of nonketonic fraction with silica gel column 




















— Solvent system Weight Identified as 
mg 
1-3 | Benzene (150 ml) 233 
46 | Benzene-ethyl acetate 19:1 55 Cholesterol 
7-9 | Benzene-ethyl acetate 9:1 2 Mixture not iden- 
10-12 | Benzene-ethyl acetate 5:1 4 tified 
13-15 | Benzene-ethyl acetate 4:1 15 19-Nor-Se-an- 
16-18 | Benzene-ethyl acetate 3:1 32 drostane-a- 
176-diol 
19-22 | Benzene-ethyl acetate 2:1 6 19-Nor-5a-an- 
drostane-36, 
176-diol 
23-25 | Benzene-ethyl acetate 1:1 1 
26-27 | Ethyl acetate 1 





material had identical infrared spectra, optical rotation, and 
melting points. The same compound isolated from urine was 
reported to melt at 153-156° (1). This suggests that the sub- 
stance is polymorphic. 

The substance isolated from zone II was crystallized from 
methylene chloride-ether and yielded colorless needles m.p. 177-— 
179°; AKBE 2.80 (hydroxyl), 5.75 (cyclopentyl ketone), 9.0, 9.1, 
9.25, 9.45, 9.65, 9.83, and 9.9 u; [a] 7 108 (c, 0.694 in chloroform). 
The infrared spectrum of the compound was identical to that of 
an authentic sample of 36-hydroxy-19-nor-5a-androstan-17-one 
(4). No depression in melting point was obtained on mixing 
with the authentic sample. 

The nonketonic fraction (411 mg) was absorbed on 24 g of silica 
gel and eluted with 50 ml volumes of benzene-ethyl acetate mix- 
tures as indicated in Table II. Fractions 1 to 3 were discarded. 
Fractions 4 to 6 were crystallized from methanol and yielded 
colorless plates, m.p. 149-151.5° and were identified as choles- 
terol. 

Fractions 13 to 18 were pooled and crystallization from ethyl 
acetate yielded colorless needles, m.p. 192-193.5°, AKBFR 2.90 
(hydroxyl), 9.1, 9.4, 9.55, 9.85, and 10.0 uw (axial hydroxyl). No 
carbonyl absorption was present; [a]?-! 23.4 (c, 0.343 in CHCl,). 
Oxidation of 2 mg of the compound with CrO; in 80% acetic 
acid yielded 19-nor-5a-androstane-3,17-dione (ASiI™ 5.75 and 
5.85 u) which was identical to an authentic sample.’ The above 
evidence indicated that the A/B ring juncture in the original 
sample was trans (5a) and that the hydroxyl at C-3 was axial 
(3a). On this basis, the compound was tentatively identified 


’ This compound was kindly supplied by Dr. Mika Hayano. 
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as 19-nor-5a-androstane-3a,178-diol. In order to obtain un- 
equivocal proof of identification, 19-nor-5a-androstane-3a , 178- 
diol was prepared from 3a-hydroxy-19-nor-5a-androstane-17-one 
by reduction with sodium borohydride.‘ The transformation 
product and the synthetic material had identical infrared spectra 
and optical rotations and no depression in melting point was 
observed on admixture of the two substances. 

Fraction 19 to 22 (6 mg) was chromatographed on 250 mg of 
silica gel and yielded a diol (m.p. 158-173°) which was identified 
by its infrared spectrum as being identical to an authentic sample 
of 19-nor-5a-androstane-38 , 178-diol.® 

It is interesting to note that 19-nor-5a-androstane-38 , 178- 
diol (synthetic or isolated) did not form a precipitate with 
digitonin. Apparently loss of the C-10 methyl modifies the 
solubility characteristics of the digitonide complex of this com- 
pound. It should be further noted that failure of a steroid sub- 
stance to precipitate in the presence of digitonin does not nec- 
essarily imply that the 3-hydroxyl function is in the 
a-configuration. 


DISCUSSION AND CONCLUSIONS 


Under the conditions employed in this investigation rapid 
reduction of 19-nortestosterone was observed. Reduction of 
the A‘ and the C-3 carbonyl were favored since the major part of 
the metabolites isolated and identified were reduced in these 
positions. The ring A reduced products were A/B trans (5a) 
in configuration which is consistent with the observation of 
Forchielli et al. (5) that female rat liver possesses only the A‘- 
5a-hydrogenase. Similarly, Taylor (6) isolated only 5a products 
from an incubation of progesterone with female rat liver homog- 
enate. This is in contrast to the study in vivo of Engel et al. 
(1) in which 19-nortestosterone was administered to a female 
patient and both 5a and 58 products were isolated from urine. 

Reduction of the C-3 carbonyl was predominantly axial (3a, 
5a) which agreed well with the results of other investigators 
(6,7). It should be noted that the ratio of 36-hydroxyl to 3a- 
hydroxyl products was about 0.2 which was of the same order 
(0.12 and 0.16) reported by Rubin (8) for reduction of the C-3 
carbonyl of androstane-3,17-dione by female rat liver homog- 
enates. 


SUMMARY 


Three previously undescribed metabolites, 38-hydroxy-19- 
nor-5a-androstan-17-one, 19-nor-5a-androstane-3a ,17B-diol, 19- 
nor - 5a@ - androstane - 38 ,178-diol, and the previously reported 
3a-hydroxy-19-nor-5a-androstan-17-one were isolated after the 
incubation of 9-nortestosterone with a female rat liver homog- 
enate. 
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In chromatography, electrophoresis and sedimentation, an 
irreversible zone or boundary spreading is often observed which 
is greater than that attributable to ordinary molecular diffusion 
and to dispersion caused by flow in porous media. The addi- 
tional spreading can often be identified with kinetic processes 
such as adsorption, partition, and chemical interconversion. 
The existence of this kinetic or rate effect has been especially 
observed in gas chromatography (1). The effect is found when- 
ever a species is capable of existing in two or more states, each 
moving with a different velocity (2). The extent of the spread- 
ing is governed by the rate of interconversion between the 
states. Thus if an ion obtains a different mobility, perhaps by 
association, a spreading will result which is a function of the as- 
sociation-dissociation rates. This effect has been described be- 
fore for simple reactions involving a single forward and reverse 
process (3, 4). The phenomenon has been called electrodif- 
fusion (3), and it is found that an “effective” diffusion coeffi- 
cient describes the spreading. The effective diffusion coefficient, 
D., is comparable to the ordinary molecular diffusion coeffi- 
cient, with the same dimensionality and relationship to flux and 
concentration gradient. 

The object of the present work is to extend the theoretical 
analysis to more realistic processes than those involving only 
two steps, and to estimate the order of magnitude of the effects. 
A mathematical description of the “diffusion”? of chromato- 
graphic zones has been developed for rate processes of any de- 


gree of complexity (2). The value of D. obtained by this method 
can be written as 


z Xi*eiv; 
7 


D. = (1) 


~ 8 In c/dz 
where X,* is the equilibrium mole fraction of the it» species, 
e; = (X; — X,*)/X,* and is a measure of the departure from 
equilibrium caused by the differential migration of components 
of the reaction system, v; is the velocity of the it» species, c the 
total solute concentration and z is the distance coordinate meas- 
ured along the migration path. The values of each « may be 
obtained by solving the following set of simultaneous equations: 


2 X;*e = 0 


(2) 
2 kijes — & 2 kij = (v; — 5d In c/dz 
j j 


The constant k;; is the first order rate constant for the conver- 


sion from the i*» species to the jt» species, and 0 is the average 
velocity of the zone, 


z Xi*v. 
s 


The individual ¢ values obtained from this equation are all pro- 
portional to d In c/dz, and this will in all cases cancel the term 
in the denominator of Equation 1 yielding a concentration-in- 
dependent diffusion coefficient. 

Several assumptions are made in the derivation of Equation 
1. It is assumed that the kinetic processes are rapid, such that 
the departure from local equilibrium remains small (2). This 
simply requires the passage of sufficient time for the occurrence 
of several cycles of interconversion. The various velocity terms, 
v;, are assumed to be independent of concentration. In addi- 
tion, it is assumed that the kinetics are linear. A modified theory 
is being developed for nonlinear kinetics, but the determination 
of actual zone and boundary structures is very difficult unless 
the usual assumption of local equilibrium is made. In the ap- 
plication of Equation 1 it is assumed that the various diffusion 
terms are additive, 7.e. the over-all diffusion coefficient is the sum 
of D., D. (molecular diffusion), and D, (diffusion due to the 
porous media if such a support exists). This assumption usually 
entails little error, and permits tractable solutions for complex 
kinetics. 

Some serious difficulties are encountered in experimentally 
measuring D. in complex systems such as found with electropho- 
resis. These drawbacks have been quite well resolved in gas 
chromatography, and rate parameters are being obtained from 
chromatographic data. These difficulties should yield for other 
differential migration methods as well. Irrespective of these 
hindrances, the concepts are valid in showing which changes in 
experimental parameters might lead to an improved electro- 
phoretic separation. Thus Equation 1 always leads to a D, pro- 
portional to the square of the applied field. This effect militates 
against separation, then, at large voltages. Furthermore, the 
spreading is large when reaction steps are slow. Every means 
possible should be employed to speed interconversion rates (pro- 
viding that interconversion is occurring at all) and adsorption 
rates. These facts might suggest changes in composition and 
temperature that will diminish D.. The calculations to be pre- 
sented shortly will show the approximate importance of D. uv- 
der typical conditions. 

The kinetic effect described here is often observed in paper 
chromatography where an elongation of the spot in the flow direc- 
tion is caused largely by the additional contribution of D. (5). 
Such an effect has also been observed in electrophoresis (6). 
The interpretation is difficult if nonlinearity exists in the system 
since elongation in the form of tailing and bearding occurs, 
However, this will ordinarily manifest itself by a lack of sym- 
metry, showing a departure from the elliptical spots obtained 
under linear conditions. Heterogeneous spots in the support 
may also lead to asymmetry. This problem exists with many 
differential migration methods, but has not proved to be a great 
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problem. In electrophoresis, one often obtains boundary anom- 
alies in which the migration rate is a function of concentration. 
The equations describing this effect are nonlinear, and conse- 
quently the present method does not apply. The description 
of nonlinear differential migration cases in which diffusion is oc- 
curring is a major problem not yet treated satisfactorily. 

In the description of electrophoresis (or ionophoresis) the ve- 
locity of the it species is v; = E (us + per.), where yp; is the mo- 
bility of the i» species, 4.1. represents the electroosmotic flow 
expressed as a mobility, and E is the applied field strength. In 
sedimentation, v; = 8 w* z, s being the sedimentation coefficient, 
» the angular velocity in radians per second, and z the distance 
of the boundary from the center of rotation. 

For the simple reaction system (4) 

ki 
y psec 
ke 


1 
which could be a sorption process or a chemical reaction, 
D. = ky2ke(v1 — v2)2/(ki2 + ka)? (3) 


For electrophoresis this takes the following form, providing yu... 
is assumed constant 


De = kiske:(ur — pe)?H2/(ki2 + kai)8 (4) 


In order to make an approximate calculation, we introduce the 
relationship uw; = a;eD;/kT where a; = ionic valence, e = elec- 
tronic charge, and k = Boltzmann constant, and divide by D., 
the ordinary diffusion coefficient, giving 


D. kyoker (4 y (a,:D; — a2D2)? 


- kT D. 


ee ae 5 
Do (ki2 + knn)® “ 


In this case D, represents an average diffusion coefficient, 7.e. 
D. = Xi*D, + X2*De. If K = kiz/kn is the equilibrium con- 
stant for the above reaction, Equation 5 may be expressed in the 
following form 


D._ (eE\? (aD: — wD.) 
D \kT) keK(Q + 1/K)D. 





(6) 
E? (aD: — aD,)? 
= 134 X 10 7K + 1/K)D. 





with E measured in volts per cm and the other quantities in c.g.s. 
units. An order of magnitude estimation of D./D, is obtained 
by setting K = 1, T = 300° K, and (a,D, — aD,)?/D, = D. 


D./Do = (200 E*/ki2)D. (7) 


Equation 7 enables one to estimate roughly the rate of a reaction 
which would give rise to a significant D. at 300°K. For in- 
stance, a D. of the same order of magnitude as D, would be 
caused by an adsorption process with a rate constant of about 
0.2 sec“? in the paper electrophoresis of an amino acid with 
D. = 10-* cm? per sec and at a field strength of 10 volts per cm. 
Amino acids and various other classes of compounds are often 
separated electrophoretically using voltages up to 100 volts per 
em (7-9). Since D. is dependent on the square of the voltage, 
rate effects would be much more important at these high volt- 
ages. Considerations similar to the above would hold for the 
electrophoresis of proteins, for which diffusion coefficients are 
generally of the order of 10~-* or 10-7 cm? per second (10). 
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The above cases are comparable to the situation encountered 
in paper chromatography where sorption reactions cause an 
additional diffusion in the flow direction and lead to elliptical 
spots. An order of magnitude calculation for paper chromatog- 
raphy can be made using Equation 3. Assuming the flow ve- 
locity to be 10-* cm per second and ky. = kau, we find that the 
latter must be approximately 10-! sec in order that D./D. = 1. 
Bak and Kaumann (11) have already suggested that the sorp- 
tion rate may be obtained from the ratio of the major and minor 
axes of the spot. 

In paper electrophoresis a similar situation is to be expected. 
One example of the occurrence of elliptical spots in electrophoresis 
is found in the separation of inorganic ions (6). Spot distortion, 
of course, may have its origin in a number of places, including 
the saturation of sorption sites, the variation between conduc- 
tivity within the spot and in the surrounding area, and the dis- 
persion due to flow in a porous medium. 

In 1955, the rates of dissociation and recombination of acetic 
acid and ammonium hydroxide were measured (12, 13), with the 
following results: 


NH, + OH- — NH; + H:0O 
H* + CH;COO- — CH;COOH 


k = 3 X 10!°l/mole-sec 
k = 4.5 X 10!°l/mole-sec 


Since these reactions seem to be diffusion controlled it is probable 
that the analogous recombinations involving amino acids and 
proteins have about the same rate constants. Since most amino 
acids havea pKiaciay between 2.0 and 2.5 and a pK (tase) of 4 to 5, 
it is apparent that such dissociation reactions are much too fast 
to give rise to a measurable D.. This conclusion has also been 
reached by Ogston (14). 

_It has already been pointed out by Mysels (3) how Equation 
4, which he obtained by a different method, may be applied to 
the determination of rates of fast inorganic reactions through 
electrophoresis of the reaction system. 

For ultracentrifuge sedimentation, Equation 3 becomes 


Ki2kes(s1 — 82)w*2? 
(ki2 + ke)? 


(81 — 82)%w*z? 


= = ieK( + 1/K)® 





(8) 


Substituting 5000 radians per second for w, 5 cm for z and 10-% 
to 10-" second for (8: — 82), 


D,.~2X 10-'/kie to 2X 107/ki2g when K =1 
Substances (10) for which s ~ 10-" second usually have D, ~ 
10-* cm? per second and those for which s ~ 10-" second usually 
have D, ~ 10-7 cm? per second. Therefore, in these two limit- 
ing cases, if D, is to be of the same order of magnitude as D, we 
have kip ~ 2 X 10-° sec"! and kizg ~ 2 sec, respectively. An 
example of such a system might be illustrated by the transition 
of a compact protein molecule or other polymer to a more ex- 
tended and slower moving form. 

As reported earlier, the method may also be applied to more 
complex models than the simple system considered above (2, 15). 
For instance, the free electrophoresis or sedimentation of the 
three component reaction system A; — Az: = As yields (15) 


D. = Xi*(v1 — 6)*/ki2 + X2*(va — 6)?/Keae (9) 


For a four component system, as might be encountered in the 
paper electrophoresis of two species which react with each other 
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and are also absorbed in the paper fibers, 


one obtains 
D. = [6(kes + Kaz) — vaka2]?/(Keskas2 + Koskas) (kos + haz) (10) 


provided that rate constants for the sorption reactions (kis, ke, 
kn, ka) are much greater than those for the chemical reactions 
(ke, kes, km, kes), nO migration takes place in the stationary phase 
(vs = v, = 0), and all mole fractions are of the same order of 
magnitude. Application of the theory to complex systems such 
as this must await the experimental evaluation of the rate con- 
stants for the reaction processes involved. 


SUMMARY 


The application of a theory of zone spreading to electrophoretic 
zones and ultracentrifuge sedimentation boundaries has been 
discussed. Results of the theory were used to estimate the order 
of magnitude of first order rate constants for reactions which 
might give rise to significant zone diffusion in excess of ordinary 
molecular diffusion. Finally it was shown how the theory could 
be applied to zone diffusion involving more complex reaction 
systems. 
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Since Mérner (1), the proteins of the vitreous body have been 
generally classified as residual and soluble proteins. The former 
includes those elements of the gel which can be collected as a 
residue after filtration or as a sediment after high speed centrifu- 
gation (more than 50,000 x g). The latter refers to the proteins 
in the liquid vitreous, the viscous fluid remaining after removal 
of the structural elements of the gel, viz. fibers, filaments, and 
cells. 

The soluble protein content of the cattle vitreous body has 
been studied by several authors and was reported to be between 
0.02 and 0.2% (2). The albumin-globulin ratio, based on am- 
monium sulfate precipitation, was found to be much lower than 
that of blood serum (2). Ultraviolet absorption studies on the 
proteins of the vitreous body also indicate a low albumin-globu- 
lin ratio (3). 

Electrophoretic studies suggest the presence of two protein 
components with mobilities similar to those of serum albumin 
and y-globulin (4, 5). However, it was found that y-globulin 
added to the soluble proteins forms a separate boundary in the 
course of electrophoresis (6) and ultracentrifugation (5). 

All available data indicate that the protein composition of the 
vitreous body is different from that of plasma. Since this is the 
only connective tissue in the mammalian body in which the com- 
position of intercellular substance, uncontaminated by blood, 
lymph, or cells, can be studied, a closer investigation of proteins, 
with special regard to glycoproteins, appeared to be of great in- 
terest. Previous investigations have shown that certain macro- 
molecular components, such as hyaluronic acid and collagen, are 
unevenly distributed in the vitreous bodies of various animal 
species (7, 8).1. Therefore, the distribution of soluble proteins 
and glycoproteins was studied in the gel. The investigations 
reported herein are based on sialic acid, hexosamine and nitrogen 
analyses, on the separation of the perchloric acid-soluble protein 
fraction and on electrophoretic analyses. A preliminary report 
has been given (9). 

While these studies were in progress a brief report was given 
by Dische et al. (10) on the isolation of a glycoprotein fraction 
rom the bovine vitreous body representing 15% of the total solu- 
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ble proteins and containing 12% carbohydrates: viz. galactose, 
mannose, fucose, glucose, and hexosamine. 


MATERIALS 


Vitreous bodies from the eyes of adult steers (2 to 3 years old), 
cows (5 to 7 years old), and young calves ($ to 2 months old) 
were obtained from the slaughterhouse. The eyes were dissected 
within 1 hour after the death of the animals. The preparation 
of samples from different parts of the vitreous body is described 
elsewhere. Care was taken to avoid contamination with blood 
and other ocular tissues. Unless otherwise stated, all determi- 
nations were made on samples centrifuged at 105,000 x g for 14 
hours or at 78,000 x g for 4 hours at 4°. The supernatants 
(“liquid vitreous’’) were dialyzed for 24 to 48 hours at 4° against 
several changes of large volumes of 0.15 N NaCl. 

Aqueous humor was collected within 10 minutes after slaughter 
by puncturing the anterior chamber of the steer eye through the 
cornea with a needle without applying suction. In some cases, 
pressure was applied to the eyeball on withdrawal of the aqueous 
humor. No significant difference was found in the nitrogen con- 
tent of the aqueous humor obtained with these two procedures. 
Before analysis, the aqueous humor was centrifuged for 1 hour 
at 78,000 < g and dialyzed in the same manner as the vitreous 
body. 

Synovial fluid was obtained by puncture of the astragalotibial 
joints of steers immediately after they were slaughtered. The 
fluid was centrifuged and dialyzed in the same way as the vitre- 
ous body. 

Serum—Pooled bovine serum? was used after dialysis against 
several changes of large volumes of 0.15 N NaCl at 4° for 24 
hours. 


METHODS 


Hexosamine, hexuronic acid, and nitrogen were determined as 
described elsewhere.! 

Protein nitrogen was calculated from the nondialyzable nitro- 
gen content corrected for hyaluronic acid present in the samples. 
The hyaluronic acid content was determined from hexuronic 
acid analyses. 

Protein-bound hexose was determined as galactose-mannose by 
the orcinol reaction, as described by Winzler (11). 

Sialic acid was determined on dialyzed samples by pial’s re- 


2 Difco Laboratories, Detroit, Michigan. 
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action, as described by Werner and Odin (12). A crystalline 
preparation® of N-acetylneuraminic acid (O-sialic acid) was used 
as standard. In a preparation of human a,-acid glycoprotein,‘ 
11.0% sialic acid was found with the use of this standard. The 
molecular extinction coefficient of different sialic acids varies 
somewhat (maximum 20%) in Bial’s reaction (13). It is known 
that at least two sialic acids are present in the ox serum glyco- 
proteins (14). Since the sialic acids present in bovine glycopro- 
teins have not been completely characterized, all values reported 
in this paper are given as N-acetylneuraminic acid. 

Sialic acid determination was also made on dialyzed samples by 
the thiobarbituric acid method (15). The sialic acid content of 
the same a-acid glycoprotein preparation as used above was 
11.2% with this method. When the N-acetylneuraminic acid 
content of the vitreous body and the aqueous humor was deter- 
mined both by Bial’s method and by the thiobarbituric acid 
method, the latter method gave up to 18% lower figures in some 
cases. Unless otherwise stated, the figures given in this paper 
are those determined by Bial’s method. 

Hyaluronic acid, in the amount present in the samples, did 
not significantly influence the determinations. The absorption 
spectra obtained for Bial’s reaction showed identical absorption 
bands with N-acetylneuraminic acid and vitreous body proteins. 
Therefore, no correction was necessary for the color contribution 
of other nondialyzable carbohydrates present in the samples. 

Removal of Hyaluronic Acid—This was done by hyaluronidase 
digestion and dialysis. Highly purified testis hyaluronidase,® 
100 to 200 U.S.P. units (31,000 U.S.P. units per mg nitrogen) 
was used per ml of sample. Digestion was carried out for 2 
days at 37° under agitation and continuous dialysis against 
several changes of acetate-NaCl buffer (pH 5.5, '/2 0.16). Mer- 
thiolate in 1:10,000 dilution or toluene was used to prevent 
growth of microorganisms. This treatment removed 82 to 93% 
of the hyaluronic acid in the liquid vitreous and 95 to 100% of 
that in synovial fluid. 

Enzymatic Hydrolysis of Proteins—Twice crystallized pepsin® 
and crystallized trypsin® were used. Enzyme, 0.1 mg, was added 
to 1 ml of liquid vitreous, and the solutions were incubated for 
48 hours at 37° under agitation and continuous dialysis against 
M/15 phosphate buffer (pH 7.1), with 0.12 n NaCl added, in 
the case of trypsin; and in the case of pepsin, against 0.1 Nn HCl. 
Control samples were dialyzed against 0.1 Nn HCl under the same 
conditions. Thymol crystals were added to prevent growth of 
microorganisms. The nitrogen and sialic acid contents were 
determined before and after digestion. Corrections were made 
for the nitrogen and sialic acid contained in the enzyme. 

Perchloric acid-soluble proteins were separated essentially as 
described by Winzler et al. (16). Hyaluronic acid was removed 
from the liquid vitreous or from synovial fluid by hyaluronidase 
digestion, as described above. Perchloric acid (} volume, 3.6 M) 
was then added to 50 times diluted serum or synovial fluid, or to 
undiluted liquid vitreous or aqueous humor. The samples were 
allowed to stand for 10 minutes and were subsequently centri- 
fuged at 78,000 x g for 30 minutes. The supernatants were 


3 Obtained through the courtesy of Dr. G. Blix, Institute of 
Medical Chemistry, University of Uppsala, Uppsala, Sweden. 

4 Obtained through the courtesy of Dr. K. Schmid, Massachu- 
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5 Obtained through the cortesy of Dr. B. Hégberg, Leo Limited, 
Hilsingborg, Sweden. 

6 Worthington Biochemical Corporation, Freehold, New Jersey. 
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immediately transferred to dialysis bags and dialyzed against 
repeated changes of distilled water. The entire procedure was 
carried out at 4° in order to preclude the removal of sialic acid 
by perchloric acid treatment, which may occur at higher temper. 
ature (17). In control experiments no loss of sialic acid during 
perchloric acid treatment and dialysis could be demonstrated. 

In order to determine the nitrogen and the hexosamine con- 
tent of the perchloric acid-soluble protein fraction in the liquid 
vitreous, it was necessary to make corrections for the nitrogen 
and hexosamine contained in the remaining hyaluronic acid, 
This was done on the basis of hexuronic acid analysis of the 
perchloric acid-soluble protein fraction, assuming that all of the 
hexuronic acid present is due to the hyaluronic acid content, 
Such corrections were not necessary for the perchloric acid- 
soluble protein fraction of synovial fluid in which practically no 
hyaluronic acid remained after treatment with hyaluronidase. 

Electrophoretic experiments were carried out in an Aminco port- 
able electrophoresis apparatus in Veronal, acetate, or glycine 
buffers of 0.1 ionic strength. Mobility and conductivity meas- 
urements were made at 0.75°. 

Pooled liquid vitreous samples were concentrated about 20 
times by dialysis against 20% polyvinylpyrrolidone.’ Hy- 
aluronic acid was removed by hyaluronidase digestion and di- 
alysis as described above. Before electrophoresis the concen- 
trated liquid vitreous samples were dialyzed against repeated 
changes of the buffer. During these procedures a slight pre- 
cipitate formed, representing 2 to 3% of the total protein nitro- 
gen and 0.6 to 0.9% of the sialic acid, which was removed by 
centrifugation. Further precipitate formation occurred when 
the concentrated solution was brought to pH 4.5 with acetate 
buffer. The precipitate represented approximately 6% of the 
total protein nitrogen and 6% of the sialic acid in the original 
preparation, and it readily dissolved at higher or lower pH values. 


RESULTS 


Dialyzable Nitrogen Content—The total nitrogen content of 
pooled central and cortical samples of the vitreous body of steers 
was determined after removal of the collagen filaments and fibers 
and the cellular elements by high speed centrifugation. The 
same pooled samples were dialyzed against 0.15 n NaCl until 
equilibrium was reached, and the nitrogen content was deter- 
mined. Table I shows that almost half of the nitrogen can be 
removed by dialysis. The dialyzable nitrogen is the same in 
the different parts of the vitreous body, but the nondialyzable 
nitrogen is significantly higher in the cortical region. 

Protein Nitrogen and Sialic Acid Content—The protein nitro- 
gen and sialic acid contents were determined in pooled dialyzed 
liquid vitreous samples prepared from different parts of the gel 
(Fig. 1). The protein nitrogen content is highest in the cortical 
layer, next to the retina, and decreases toward the central and an- 
terior portions of the vitreous. It is lowest in the anterior part, 
next to the ciliary body, where it is not much higher than the pro- 
tein nitrogen content of the aqueous humor. The sialic acid dis- 
tribution follows the same pattern as the protein nitrogen. In 
the aqueous humor, however, its content is only 3 of the lowest 
value found in the anterior segments of the vitreous body. 

The sialic acid content of pooled occipital samples obtained 
from the vitreous bodies of cows, steers and calves was found to 
be 27.3, 36.5, and 41.0 ug per ml, respectively. Other pooled oc- 


7 Plasdone, Type ND-K-30, General Aniline and Film Company, 
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TaBLeE I nificantly after high speed centrifugation. The cortical layer 
Dialyzable and undialyzable nitrogen content sample was centrifuged for 2 hours at 105,000 x g, and the sedi- 
of pooled central and cortical samples ment was washed several times in distilled water, lyophilized, and 
THAT petites dried to constant weight. The sialic acid content of two differ- 
Total nitrogen nitrogen nitrogen ent preparations was found to be less than 0.05%. 
a er Fa The sialic acid content of the vitreous body is much lower than 
. = ra that of serum or synovial fluid (Table II). However, the protein 
OS ae 219 + 3 115 + 1 104 : ‘ 
Cortical Us 4. 2 145 42 103 content of the vitreous body is about +45 that of serum and about 
~g pematipeahir)-& #y that of synovial fluid. Comparison of the sialic acid-protein 
(p < 0.01) (p < 0.01) ae é . 2 
ratios in serum, synovial fluid, aqueous humor, and vitreous body 
OCCIPITAL 
ng yt 4 "3 ANTERIOR 
s6 
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2! J 
76 
77 34 
33 
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i 
i 
RTICA 138 
CORTICAL AQUEOUS ae 
os CORTICAL 
6 LAYER 
Fic. 1. Distribution of protein nitrogen and sialic acid in the steer vitreous body. Pooled samples of 20 to 30 eyes. Anterior and 
posterior samples collected from{frozen eyeballs; others from unfrozen. Upper figures, nitrogen concentrations (ug per ml); lower 


figures, sialic acid concentrations (ug per ml). 


TaBLeE II 


Sialic acid, total protein nitrogen, and perchloric acid-soluble 
protein nitrogen content of vitreous body and of various 
body fluids 


Values represent averages of determinations made on 2 to 5 








pooled samples. 
sane | Tou, | Sac Bais ea 
Material ialic tei Total acid-soluble | acid-soluble 
ateria aci bso = Stes p -seewred 
% total 
pg/ml ug/ml ug/ml protein 
nitrogen 
Vitreous body*..| 37.9 113 0.34 24.7 21.4 
Aqueous humor . 5.7 44.4 0.13 2.8 6.3 
Synovial fluid...| 188 1760 0.11 42.6 2.5 
Preias 62. cies 1050 10060 0.10 208 1.9 




















* Occipital samples of steer eyes. 


cipital samples of vitreous body obtained from cows and from 
calves gave 30.5 and 29.9 wg per ml sialic acid, respectively, with 
Bial’s reaction and 24.7 and 30.9 ug per ml sialic acid, respec- 
tively, with the thiobarbituric acid determination method. 
Pooled aqueous humor samples from the same calf eyes gave 10.3 
ug per ml with Bial’s reaction and 8.6 wg per ml with the thio- 
barbituric acid reaction. 

The sialic acid content of the dialyzed vitreous body was com- 
pared before and after centrifugation at 105,000 x g for 2 hours. 
Centrifugation at this speed removes the collagen filaments and 
fibers and the cells. It was found that the sialic acid content 
in the anterior, central, and cortical samples did not change sig- 
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TaBLeE III 


Sialic acid content of perchloric acid-soluble protein fractions in 
various samples of vitreous body and in aqueous 
humor of steers 


Determinations made on samples pooled from 20 to 50 eyes. 














Sialic acid Total sialic acid 

ug/ml % 

Vitreous body samples 
pn ii leg aceite See 10.9 53 
oS ea ea an 19.9 57 
POMUOTIIE osg.5. 520s arse shah 16.5 50 
2 | reer te 24.4 54 
Cortical layer.......... 28.0 59 
Aqueous humor........... 1.3 16 





shows that the value in the latter is about three times higher 
than those found in the body fluids (Table IT). 

Perchloric Acid-soluble Proteins—The nitrogen content of the 
perchloric acid-soluble protein fraction was determined in aque- 
ous humor, vitreous body, synovial fluid, and serum (Table II). 
In liquid vitreous more than 20% of the total protein nitrogen 
is not precipitated by perchloric acid. The corresponding per- 
centages in serum and synovial fluid are about ten times lower. 

The concentration of the perchloric acid-soluble protein frac- 
tion, as measured by its sialic acid content, was determined in 
different parts of the vitreous body. 50 to 60% of the total sialic 
acid remains in solution after perchloric acid precipitation of the 
proteins in the vitreous body (Table III). The distribution of 
the perchloric acid-soluble protein fraction is seen to be similar 




















Tasie IV 
Analysis of perchloric acid-soluble protein fractions 
Hexose Hexosamine | Sialic acid 
Nitrogen Nitrogen Nitrogen 
Perchloric acid-soluble protein 
fractions 
Vitreous body*............... 1.06 0.89 0.77 
Synovial fluid................ 0.87 0.75 0.92 
MR Gide i Seren: cricackich awesies 0.75 0.71 0.90 
a-Acid glycoprotein from se- 
rum (Weimer and Winzler 
| REP tea arnt r eo oe 1.17 0.66 0.92 














* Occipital samples of steer eyes. 


TABLE V 


Effect of trypsin and pepsin digestion on soluble proteins 
of steer vitreous body 


Incubations at 37° under continuous dialysis. 























0.1NHCI| Pepsin | Trypsin ey 
Nitrogen removed (%)....... 7.5 69.4 36.4 84.2 
Sialic acid removed (%).....| 61.0 70.3 9.7 73.6 
Sialic acid-nitrogen ratio af- 
ter digestion...........0.:% 0.12 0.28 0.41 0.49 
‘A 


Fic. 2. Electrophoretic patterns of the soluble proteins in the steer vitreous body (occipital samples). 
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sialic acid-containing proteins. The proteins, including those 
containing sialic acid, are removed more effectively by pepsin di- 
gestion. In 0.1 N HCl, without pepsin, 3 of the total sialic acid is 
removed. After combined treatment with pepsin and trypsin, 
an undigested protein component still remains. The high sialic 
acid-nitrogen ratio indicates that this fraction is mainly composed 
of glycoproteins. 

Electrophoretic Experiments—These experiments were carried 
out on occipital samples after removal of the hyaluronic acid as 
described above. No hyaluronic acid boundary could be de- 
tected in solutions concentrated to a protein content of about 2%. 

In pH 7.4 Veronal buffer three distinct boundaries are visible 
after 3 hours (Fig. 2A). In pH 5.0 acetate buffer only two 
boundaries can be observed after 4 hours (Fig. 2B). The best 
separation was obtained in pH 2.8 glycine buffer, where four 
boundaries became apparent within 1 hour and separated com- 
pletely within 2 hours (Fig. 2C). The mobility of the three fast- 
est components was found to be 10.0, 8.8, and 6.2 X 10-5 cm? 
volts“! sec-!, respectively. The mobility of added crystalline 
bovine albumin’ is similar to that of the fastest moving boundary; 
nevertheless, at pH 2.8 the two boundaries clearly separate. 
The fastest moving boundary at pH 2.8 (glycine buffer) showed 
a considerably decreased area after trypsin digestion (Fig. 2D). 
The slowest moving component, which, according to area meas- 
urements, constituted about 40% of the total, moved toward the 
anode at pH 2.8 with a mobility of about —0.6 x 10-5 cm? volts- 
sec" (Fig. 2A, B, C). 


Ascending side, I/2 0.1. 


Positions of initial boundaries indicated by vertical dotted lines. A, Soluble proteins, concentration 1.6 mg N per ml; Veronal buffer, 


pH 7.40; current 10 ma; after 168 minutes, bar angle 45°. 


B, Soluble proteins, concentration 3.5 mg N per ml; Acetate buffer, pH 5.03; 


current 10 ma; after 274 minutes, bar angle 30°. C, Soluble proteins, concentration 4.8 mg N per ml: Glycine buffer, pH 2.77; current 
12.5 ma; after 120 minutes, bar angle 30°. D, Solubie proteins after trypsin digestion, concentration 3.2 mg N per ml: Glycine buffer, 


pH 2.80; current 10 ma; after 149 minutes, bar angle 30°. 


to that found for total protein; viz. highest in the posterior corti- 
cal layer and lowest in the anterior part. The concentration of 
this fraction in the aqueous humor is nearly 10 times lower than 
the lowest value in the vitreous body. 

The perchloric acid-soluble protein fraction of pooled steer 
occipital vitreous body was further analyzed for hexosamine and 
hexose. The analytical values, expressed as carbohydrate-nitro- 
gen ratios, are shown in Table IV. These values are of the same 
order as those reported for a-acid glycoprotein preparations 
from beef serum (18). 

Treatment with Proteolytic Enzymes—Trypsin digestion re- 
moves only 36% of the total proteins and approximately 10% of 
the total sialic acid in the occipital samples of steer liquid vitreous 
(Table V). The sialic acid-nitrogen ratio increases from 0.29 
in the undigested sample to 0.41 in the digested vitreous. This 
indicates that trypsin removes only a very small amount of the 





The electrophoretic pattern of the perchloric acid-soluble pro- 
tein fraction at pH 2.8 (glycine buffer) showed only one large 
boundary with a mobility of —0.56. Three very small bound- 
aries moving toward the cathode were also present. 


DISCUSSION 


The nitrogen content of the cattle vitreous body is very low, 
indicating that the vitreous body is a tissue compartment sepa- 
rated from the blood and lymph system. About half of the 
nitrogen present after removal of the collagen and cellular ele- 
ments from the gel is dialyzable. Of the nondialyzable nitrogen 
about 20% is the hexosamine nitrogen of hyaluronic acid; the 
other 80% is derived from the soluble proteins. 

Both the soluble protein nitrogen and the sialic acid are un- 


8 Armour Laboratories, Chicago, Illinois. 
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in the cortical layer, next to the retina, and the lowest in the 
frontal area, next to the ciliary body and the lens. This distri- 
bution is very similar to that found for hyaluronic acid (7),' 
whereas collagen shows quite a different distribution (7). It 
should be pointed out that the sialic acid content of the aqueous 
humor is considerably lower than that of the vitreous body in 
cattle of all age groups. The sialic acid content of the aqueous 
humor of cattle is somewhat lower than that reported in human 
cerebrospinal fluid (15). 

Dische and Zelmanes (19) showed that a small amount of a 
gycoprotein containing glucose, galactose, and hexosamine is 
combined with the collagen fibers. In washed vitreous precipi- 
tate we found less than 15 ug of sialic acid per 100 ml of vitreous 
body (cortical layer), which is only 0.3% of the total sialic acid 
present in this part of the gel. 

Sialic acid-containing glycoproteins constitute a much larger 
fraction of the soluble proteins of the vitreous body than those of 
serum, synovial fluid and aqueous humor. This is also shown by 
the presence of a very large perchloric acid-soluble protein frac- 
tion in the vitreous body, representing more than 20% of the 
total protein nitrogen. The perchloric acid-soluble protein frac- 
tion in cattle serum represents only about 2% of the total pro- 
tein nitrogen. This fraction in serum is known to be a mixture 
of glycoproteins of high sialic acid content, the major fraction 
being the a,-acid glycoprotein (see reviews by Winzler (11, 20)). 
The carbohydrate content of the perchloric acid-soluble protein 
fraction of the steer vitreous body was found to be very similar 
to that described for the a-acid glycoprotein of bovine serum (18). 

The high content of acidic glycoproteins explains the resistance 
of the vitreous body proteins to trypsin digestion. It has been 
shown that the resistance of a,-acid glycoprotein to trypsin and 
papain digestion is due to its sialic acid content, which can be 
cleaved by mild hydrolysis (21). The much better digestion ob- 
tained with pepsin in 0.1 N HCl is presumably due, in part, to 
the removal of sialic acid, occurring at this pH at 37°. 

Electrophoretic experiments show that a large portion of the 
soluble proteins and of the perchloric acid-soluble protein frac- 
tion move as one boundary toward the anode at pH 2.8. Of the 
serum proteins, only the a-acid glycoprotein is known to have a 
similar acidic character (18, 22, 23). Both electrophoretic and 
chemical analyses indicate that a relatively large portion of the 
soluble proteins in the vitreous body are glycoproteins, of which 
a prominent component appears to be similar to or identical with 
the a;-acid glycoprotein of serum. 

The electrophoretic pattern of the liquid vitreous is quite dif- 
ferent from that of serum. The presence of albumin seems to 
have been fairly well established in previous studies (4, 5). Our 
results indicate that albumin constitutes about } of the total sol- 
uble proteins. The fact that added crystalline albumin sepa- 
tates from the fastest moving boundary at pH 2.8 does not mean 
that albumin is not a component of the vitreous body proteins. 
Immunochemically, albumin was demonstrable in the same sam- 
ple. Therefore, it is more likely that the albumin in the vitre- 
ous body interacts with other proteins or is somewhat altered in 
the course of acidification. 

There are several possible explanations for the quantitative 
differences in the protein composition of the vitreous body and 


° A. F. Howe, personal communication. 
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serum. One is that the proteins are derived from the plasma 
but are prevented by a filtration mechanism from freely diffus- 
ing into the vitreous body. It has been suggested that the hy- 
aluronic acid accumulated in the cortical layer of the gel may 
act as a barrier against the diffusion of high-molecular plasma 
components.! Such a mechanism would explain the absence of 
large protein molecules like y-globulin and the preponderance of 
small-molecular proteins such as acidic glycoproteins and albu- 
min. Another possibility is that some proteins are produced by 
the metabolically very active cells present in the surface layer of 
the vitreous body (24). 


SUMMARY 


The soluble proteins of the cattle vitreous body, an intercellu- 
lar substance of connective tissue, have been studied. 

Although dialyzable nitrogen is evenly distributed in the gel, 
the protein nitrogen and sialic acid content are highest in the 
cortical layer next to the retina and lowest in the anterior part 
next to the lens. 

The sialic acid-nitrogen ratio is about three times higher in the 
vitreous body than in the aqueous humor, synovial fluid and 
serum. The perchloric acid-soluble protein fraction contains 
about 50% of the total sialic acid. The content of hexose, hexos- 
amine and sialic acid in this fraction is very similar to that of the 
a,-acid glycoprotein of serum. Electrophoretic studies also in- 
dicate the presence of a large acidic glycoprotein fraction in the 
vitreous body. 
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Beginning with Eugenia Friess’ discovery (1) that ethylene- 
diaminetetraacetate activates myosin adenosine triphosphatase, 
there have been found a number of other activators which, how- 
ever unexpectedly, probably act by related mechanisms, viz. 
p-chloromercuribenzoate (2), S-8-aminoethylisothiuronium (3), 
and 2 ,4-dinitrophenol (4). Alsoit has been found that the adeno- 
sine triphosphatase and cytosine triphosphatase activities of 
myosin respond differently to this class of reagents than do the 
ITPase and GTPase activities (5), and that lowering of the 
temperature (say from 25° to 0°) has the same effect as treat- 
ment with these substances. Blum (6, 7), Gilmour and Griffith 
(8), Gilmour,! and Koshland (9) have developed a useful theory 
of these effects, namely, that in the ATP class of nucleoside tri- 
phosphates the 6-position of the purine ring undergoes a rate-re- 
tarding interaction with the enzyme, which interaction is impos- 
sible in the inosine triphosphate class of nucleoside triphosphates, 
and that either the aforesaid activators or low temperature pre- 
vent the interaction. Whatever may be the mechanism of action 
of these activators, the treated enzyme is certainly a simpler 
adenosine triphosphatase than the untreated; its Ca++ sensitivity 
is more marked and its pH-dependence at least vaguely resem- 
bles that of a single ionizing group (3). For this reason the 
present efforts have been directed toward characterizing it more 
closely. Much of the simplicity we have achieved is due to our 
forsaking the traditional KCl solvent in favor of tetramethy]- 
ammonium chloride [(CH;)4N*Cl-]; still greater clarity could 
probably be achieved if Cl- were replaceable by a more inert 
anion, possibly one coated with hydrocarbon. 


METHODS 


Five-hour myosin B was prepared by methods which are stand- 
ard in this laboratory (3, 10). Concentrations were measured 
by the method of Lowry et al. (11), slightly modified. 

Modification of the myosin B was usually accomplished in 1 
mm AET? dissolved in 0.1 m alanine at pH 9.5 for 30 to 40 min- 
utes at 2°. The treated protein was dialyzed out by techniques 
already described (3). 

Rates of dephosphorylation (umoles of phosphate per gram of 
enzyme X seconds) were inferred from zero order curves of 
[phosphate] versus time established by at least three points, usu- 
ally taken at 15, 30, and 45 seconds after mixing. When the 
solvent was KCl, the method of analysis was that of Fiske- 
SubbaRow, as previously applied. In tetramethylammonium 


'D. Gilmour, in press, Nature. 
* The abbreviations used are: AET, S-8-aminoethylisothiuro- 
nium; EDTA, ethylenediaminetetraacetate. 


chloride solvents this method fails because tetramethylammo- 
nium phosphomolybdate precipitates out. With such solvents 
we found it possible both to stop the enzymatic reaction and to 
precipitate out the tetramethylammonium ion by using 20% 
perchloric acid. The precipitate, including the protein, was then 
removed by about 100 seconds of centrifugation in a clinical 
centrifuge. The remainder of the phosphate analysis could then 
be carried on in the standard way except that we employed 
SnCl, as a reducing agent (12). 

In the pH range 4.5 to 5.5, acetate buffer was employed; in 
the pH range 5.7 to 7.3 histidine buffer (California Corporation) ; 
in the pH range 7.5 to 9.0, we used Tris buffer (Sigma); however, 
despite purification, these sometimes showed inhibitory effects 
and were then avoided; in the pH range 9.5 to 9.8, we used alanine 
buffer (California Corporation). At all ionic strengths except 
0.1, the total buffer concentration was 0.05 m. At ionic strength 
0.1, the buffer concentration was 0.02 m. The metal ions in the 
ATP (Na salt) were eliminated by passage through Dowex 50 
resin saturated with tetramethylammonium chloride. 

Ionic strengths of the solvents were computed from the for- 
mula, (1/2)Zc;z;*, literature values being used for the ionization 
constants of the various buffers and of ATP. The contribution 
of ATP was included in the summation, although it is a crude 
approximation to consider the charges on ATP to be concen- 
trated at a point. 

The moles of —SH per 10° g of myosin were estimated by the 
spectrophotometric method of Boyer (13), with the use of 5-mm 
cuvettes in tandem for comparing mixed and unmixed reagents. 
Optical densities at 250 my were read at 100 and 300 seconds 
after mixing; contrary to the experiences of Kielley and Bradley, 
(2) we found these readings to be time-dependent; Gellert and 
Gilmour’ have studied and interpreted this dependence. 


RESULTS 


Sensitivity to Mg** Inhibition—I; is well known that in, say, 
0.6 m KCl, the ATPase of myosin B is strongly inhibited by 
Mg++. At all pH levels this sensitivity appears to be reduced 
in AET-treated enzyme (Fig. 1). Inhibition is nevertheless ob- 
served at sufficiently high [Mgtt] (Fig. 2). The reduced sensi- 
tivity to Mg++ inhibition is in sharp contrast to the increased 
sensitivity to Ca++ activation already reported (3). 

ATPase in Tetramethylammonium Chloride Solvents—As al- 
ready mentioned, our earlier experiments with AET-treated 
myosin showed that in 0.6 m KCl, Vmax (pH) at constant [Ca++] 


3M. F. Gellert and D. Gilmour, to be submitted. 
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was vaguely like a “titration curve” of a weak acid, except that 
it was spread out over many pH units. Repetition of the ex- 
periments at much lower ionic strength seemed to aggravate this 
spread (Fig. 3). This behavior suggested to us that the respon- 
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Fia. 1. Effect of 10-* m Mg** on AET-treated myosin B ATPase; 
10-3 m ATP, 25°; 0.0275% protein; 0.6 m KCl; buffers: pH 6 to 7.0, 
0.1 m histidine; pH 7.5 to 9.0, 0.1 m Tris; pH 9.5, 0.1 m alanine. 
@—®, with Mgtt; O——O, no Mg*. 
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AET-treated myosin B; 0.6 m KCl; 0.1 m Tris; pH 8, 25°. (Activ- 
ity with Mg**)/(activity without Mg) is plotted against [Mgt*]. 
@——@, AET-treated; O——O, untreated. 
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Fia. 3. ATPase activity of AET-treated myosin B and control 
with Ca** in low ionic strength media; 0.05 total ionic strength 
of KCl; 10-* m Ca**, 25°; buffers: pH 6 to 7, histidine; pH 8, Tris; 
pH 9 to 9.5, lysine; 10-*m ATP. AET-treated: ©——®6, no Ca*; 
(=) @, 10°? m Cat*. Untreated: O——O, no Cat+; @—@®, 
10-3 m Cat. 





sible ionizing group at the “active site” might be in the field of 
neighboring groups, and that simple behavior might be realized 
only at very high ionic strength by increasing [KCl]. The K+ 
ion certainly interacts with the enzyme (14) and with ATP (15, 
16); and recently Lowenstein (17) has provided ample evidence 
for the catalytic role of univalent metal ions in nucleotide reac- 
tions. For these reasons we turned to the study of ATPase 
activity in solutions of the strong electrolyte, tetramethylam- 
monium chloride. 

In a tetramethylammonium chloride solvent activation by 
Ca++ is emphasized; there is virtually zero activity in the ab- 
sence of Ca++ and high activity at a saturating concentration of 
Ca++ (Fig. 4). This behavior is simpler than that exhibited in, 
for example, 0.6 m KCl, where a good activator (Catt) at low 
concentration is presumably made to compete with a mediocre 
one (K+) at a high concentration. At a saturating concentra- 
tion of Ca++ the enzyme exhibits Michaelis-Menten kinetics 
(Fig. 5) with much the same K (~5 X 10‘) as that reported in 
KCl (18). The relation, Vmax (pH), at a saturating concentra- 
tion of Cat+ has qualitatively the same features as the curve 
obtained in a KCl solvent, but the “hump” in the lower pH 
region appears flattened and shifted toward lower pH (Fig. 6). 

Guided by the foregoing experience with untreated ATPase 
we established V 1.x (pH) for the treated enzyme, at 25°, with 
a saturating [Ca++] for various values of ionic strength. It is 
clear that increasing ionic strength tends to reduce the spread 
of the curve, and that at an ionic strength of 1.0 m the curve 
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Fic. 4. Effect of Ca** on myosin B in tetramethylammonium chloride and KC! solutions; 0.6 m tetramethylammonium chloride, 


0.6 m KCl, 0.1 m Tris, pH 8, 25°. 


@—@, in tetramethylammonium chloride; O——O, in KCl. 
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Fic. 5. Lineweaver-Burk plot of myosin B ATPase in 0.6 m tetramethylammonium chloride. 

nium chloride at 5 X 10-* m Ca**; 0.1 m Tris, pH 8, 25°; Vmax, 5.2 wumoles/sec g myosin; Km, 2.0 X 10-5. 


closely resembles the titration curve of a weak acid with an ap- 
parent pK around 6.8 (Fig. 7). 

Levy et al. (9), working at an ionic strength of about 0.2 m, 
have reported an anomalous van’t Hoff plot for the Vmax (7.3) 
of dinitrophenol-treated myosin ATPase, in contrast with the 
linearity obtainable with the untreated enzyme (18). As re- 
marked above, there is much reason to think that treatments 
with EDTA, dinitrophenol, p-chloromercuribenzoate, and AET 
all have the same effect on this ATPase, so it was interesting to 
examine temperature dependencies, particularly in view of the 
fact that Levy et al. happened to choose a pH (7.3) at which 
Vmax is rapidly changing with pH. The general result at ionic 
strength of 0.2 m is that V.nax (pH) appears to flatten and shift 
toward higher pH as the temperature is lowered (Fig. 8). How- 
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ever, at no pH did we observe any “breaks” in the van’t Hoff 
plots (Fig. 9). 

AET Treatment and Role of —SH Groups—In searching 
for possible mechanisms of action of AET we looked for dis- 
appearance of —SH groups on treatment. The result was posi- 
tive; about half of the mercuribenzoate-titratable groups dis- 
appear as a result of a treatment that brings about a 5-fold 
activation of ATPase; moreover, within limits, there is an in- 
verse correlation between —SH titer and activation. (Table 
I). Incidental to this investigation it was found that the —SH 
content of myosin decreased with extraction time (Table IT) and 
with age of preparation (Table ITI). 

Blum (7) has adduced persuasive evidence that the —SH 
group affected by any one of the various treatments normally 
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Fig. 6. ATPase activity, 0.6 m tetramethylammonium chloride, 
untreated myosin B; optimal Ca** concentration: pH 5 to 8, 5 X 
10-* Mm; pH 9 to 9.5, 10-? m, 25°; buffers: pH 5.0 to 7.0, 0.05 m his- 
tidine; pH 8 to 9, 0.05 m Tris; pH 9.5 to 9.8, 0.05 m alanine. 


interacts with the “ring end” of the nucleotide. Although this 
may be so, there is at least one —SH group capable of reacting 
with p-chloromercuribenzoate which reacts with the pyrophos- 
phate moiety of the substrate. This we showed in three ways: 
(a) The measured —SH titer of myosin is reduced 6 to 10% 
(more, the fresher the preparation) by the prior presence of 
0.002 m PP + 0.005 m Mg** (Table IV).* (6) The optical shift 
induced by a slight excess of the mercurial is reduced by the 
subsequent addition of PP (Table V). (c) PP totally protects 
myosin ATPase from an exposure to p-chloromercuribenzoate 
followed by elimination thereof. The evidence for this third 
conclusion was obtained as follows: Three kinds of sample were 


4 Although the SH content differs widely from one myosin prep- 
aration to another, titrations at a given myosin concentration can 
be made rather precise by observing such precautions as control 
of the time in contact with p-chloromercuribenzoate, use of the 
same pipette to add PP and to add buffer, etc. With such pre- 
cautions the maximal absolute fluctuation (in optical density 
units) between corresponding points in the titrations of different 
aliquots of the same protein does not exceed 0.01. Since in the 
portion of the titration curves used to estimate —SH content the 
difference in optical density on adding mercuribenzoate is ar- 
ranged to be about 0.40, the mazimal fluctuation in calculated 
—SH content between different aliquots does not exceed 2.5%. 
Inasmuch as the actual differences observed were greater than 
6%, there can be little doubt that they are real, and not due merely 
to technical error. On the other hand, the present data cannot 
fix the percentage reduction numerically, but can only assert that 
when 0.002 m PP is in equilibrium with the stated concentrations 
of protein, one sulfhydryl group, or a few groups, per 4.2 X 10° g 
of protein are thereby inhibited from combining with the mercuri- 
benzoate. 
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Fic. 7. ATPase activity of AET-treated myosin B in tetra- 
methylammonium chloride solutions of various ionic strengths. 
Optimal Ca** concentration, 2 X 10°? M; buffers: pH 5.3 to 7.3, 
0.05 m histidine; pH 8.5 to 9.5, 0.05 m alanine, 25° (for ionic strength 
0.1, buffer 0.02 m). Ionic strength: 1.0, @——@; 0.6, O——O; 
0.2, e——@ ; 0.1, O——_©. 





prepared. (a) Myosin + PP + mercuribenzoate; (b) myosin + 
mercuribenzoate; and (c) myosin + PP. The amount of the 
mercurial was in slight excess of the equivalent —SH content of 
the myosin. After 30 minutes of incubation these mixtures were 
dialyzed against standard buffer solution (0.6 m KCl, pH 8) 
containing 0.2 mm ATP, in order to remove free p-chloromercuri- 
benzoate and PP. Activity measurements then showed that the 
activities of mixtures (a) and (c) were exactly the same, although 
low, whereas mixture (c) was completely inactive. 

It has been Blum’s thesis (7), and that of Gilmour,! that treated 
ATPase no longer distinguishes between ATP and ITP. Asa 
brief check on this hypothesis we examined V max (pH) for ITPase 
of untreated myosin (Fig. 10) and compared it with Vmax (pH) 
for the ATPase of treated myosin (Fig. 7); there is no doubt that 
these curves are very similar. This comparison was carried out 
at an ionic strength of 0.2. At 0.6 m, however, we did not suc- 
ceed in obtaining a regular Vmax (pH) curve for untreated 
ITPase, and feel that our attempt may have been thwarted by 
unexplained buffer effects. The comparison of the pH depend- 
ence of ATPase and ITPase has been more thoroughly investi- 
gated by Gilmour.! 


DISCUSSION 


Unsurprisingly, this work has established that the treatment 
of myosin with AET ties up sulfhydryl groups, presumably in a 
disulfide linkage. The particular enzyme groups tied up must 
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Fic. 8. Effect of temperature on the pH dependence of ATPase 
activity. Vmax/Vmax (alk) is plotted as a function of pH. Tetra- 
methylammonium chloride solvent; [Ca**], 2 X 10-2 m (optimal), 
buffers as described in Fig. 7; ionic strength, 0.2m. O——O, 25°; 
O—©O, 18°; ©——@, 10°; @——-@, 0°. “‘Apparent pK” values 
(from intersection with the 50% ionization line) are, 6.83 (25°), 
6.93 (18°), 7.08 (10°), 7.20 (1:5°). 


be just those in the “easily titratable” category when p-chloro- 
mercuribenzoate alone is the reagent, since activation with AET 
is more effective than with mercuribenzoate or with other —SH 
reagents thus far reported; moreover, if these AET residues are 
in disulfide linkages, they probably do not undergo the slow sub- 
sequent migration that mercuribenzoate residues seem to.* 

That AET-treated enzyme is less sensitive than native myosin 
to Mgt+ inhibition is support for the Kielley-Bradley suggestion 
that the —SH groups easily titrated with mercuribenzoate or, 
here masked by AET, undergo some interaction with this cation 
(presumably here, too, is the link with EDTA activation). The 
obvious similarity in pH dependence of treated ATPase with 
untreated ITPase is support for the wider Blum-Gilmour-Kosh- 
land theory that the —SH-Mgt+ interaction involves the “ring 
end” of the substrate. ‘‘Involvement,’’ however, does not imply 
that the —SH group attacked, for example, by AET is vicinal 
to the Mg++ chelated by EDTA or to the 6-position on the purine 
ring of the adsorbed nucleotide. Some recent results obtained 
by Gellert and Gilmour* could, in fact, be taken to mean that 
the —SH group is remote from the substrate-binding site. More 
reasonable, therefore, are the “elastic hypotheses” of Gilmour,' 
Blum (7), and Koshland,‘ in which apposition of —SH and the 
purine ring of ATP (not ITP) supposes a structural transition 


5D. E. Koshland, personal communication. 
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‘Fie. 9. Van’t Hoff plot of Vmax for AET-treated myosin B at 
various pH values. Conditions are the same as in Fig. 8. 


TaBLe I 
—SH content of 5-hour myosin B and activity: original and 
AET-treated 
Activity is measured in 0.6 m KCl, 0.1 m Tris, 10-? m Cat*, pH 
8, throughout Tables I to ITI. 


























Activi 
Samples wry moles, Condition of treatment 
Sample 1 
Onriginal........-. 4.73 3.11 10-? m AET, 1 hr at 
AET-treated..... 1.85 10.0 pH 9.8 
Sample 2 
bo re 4.23 3.34 | 10°? m AET, 1 hr at 
AET-treated..... 2.30 21.2 pH 9.5 
TaBe II 
—SH content of fresh myosin and activity: different extraction time* 
Moles —SH/105 g Activity (umoles 
myosin POu/sec g) 
WiesiarA. 6h. 66 hasiteslip eas 7.1-6.7 4.0-3.6 
She myosit Boose sii 5 os Ss ove 5.7-5.4 3.0-2.7 
PEO WAV ONEN BD S55 55 ao 6 0.2.0 4.3-4.1 2.0-1.7 








* Ranges indicated are over several 


: 
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TasB_e III 
—SH content of myosin A and activity: different age of preparation 

















Age, day after preparation | Moles —SH/105 g myosin | Activity (umoles PO«/sec g) 

1 | 4.00 
2 7.0 3.94 
+ 6.6 3.79 
6 3.59 
8 6.4 

11 3.35 

TaBLe IV 


p-Chloromercuribenzoate titratable —SH group content in presence 
of 2X 10°* um PP + 5 X 10-8 u Mg'**: PP added before 








mercuribenzoate 
Moles Moles 
“iayosin® | myosin with | reduction | Reduction 
original PP 
% 
Myosin A 7.3 6.9 0.4 6 
7.1 6.3 0.7 10 
6.9 6.4 0.5 8 
5-hr myosin B 5.4 5.1 0.3 6 
24-hr myosin B* 4.4 4.4 

















*OD for 24-hour myosin B is very time-dependent. Both 
p-chloromercuribenzoate and PP seemed to cause some disaggre- 
gation. 


TABLE V 


Reduction of optical density of myosin-p-chloromercuribenzoate by 
pyrophosphate 

To the myosin solution, p-chloromercuribenzoate was added at 
zero time, PP and Mg** 35 seconds later. OD readings for myosin 
A were made after 600 seconds; myosin B, after 1500 seconds, or 
when no more OD increment showed. Protein concentration, 
0.05%; excess mercuribenzoate, 10-* m; PP, 10-*?m; Mg**, 2 X 1078 
M. 








a 
OD reading, PP ey 
yn < Migr + A> - Reduction 
mercuri- | ?-chloro- 
benzoate cteeks 
% 
Myosin A (1.5 mg).......} 0.530 0.520 0.010 1.9 
24-hr myosin B (1.6 mg)..| 0.474 0.467 0.007 1.21 

















preventable by masking of the —SH or by lowering of the tem- 
perature. Evidence for such a transition has already been pre- 
sented by Koshland e¢ al. (9), who reported clearly diphasic 
van’t Hoff plots of V max under conditions in which the transition 
could be effected only by temperature (i.e. either ITP, a sub- 
strate incapable of effecting the transition, was used, or the 
interaction was inhibited by dinitrophenol). It would be rea- 
sonable (although certainly not requisite) to expect that AET 
treatment, which so far has seemed identical in its effects to 
dinitrophenol treatment, would permit a similar transition to be 
observed, but the present work has shown that this is not the 
case at any one of a range of pH values. In his recent measure- 
ments of Vmax (ITP) and Vmax (GTP) as a function of temper- 
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Fig. 10. ITPase-pH curve of untreated myosin B in tetra- 
methylammonium chloride solution. Ionic strength, 0.2; optimal 
Ca** concentration, 2 X 10-? m; 10-* m ITP, 25°; buffers, same as 
in Fig. 7. 





ature, Blum (7) has also drawn the van’t Hoff plots perfectly 
straight. There is in both a hint of a convexity, but it may be 
due to the phenomenon which he has discovered, viz. that at 
high temperature ITP and GTP (as contrasted with ATP and 
CTP) do not protect well against thermal inactivation. Inde- 
pendent evidence for the attractive hypothesis of a structural 
transition must therefore wait on future work. Alternatively, 
future work may show that dinitrophenol treatment and AET 
treatment are significantly different. 

Apart from —SH groups possibly involved in substrate-ring 
interactions this work has incidentally reaffirmed a conclusion 
sometimes regarded as controversial, namely, that there is also 
at least one —SH group protectable from —SH reagents (e.g. 
p-chloromercuribenzoate) by the pyrophosphate moiety of the 
substrate. Again from this observation, however, it cannot be 
inferred that pyrophosphate or ATP actually lodge at an —SH 
site; indeed, if this were so, one would be hard put to explain 
how the tremendous affinity of mercury for sulfide could be 
thwarted by pyrophosphate. 

It seems likely from the present work that earlier efforts at 
studying the ionic strength dependence of kinetic parameters of 
myosin B ATPase (19) were probably complicated by the fact 
that K* is not inert toward dephosphorylation catalysis. In 
the present work the pH dependence of this ATPase was con- 
siderably simplified (see below) by increasing the concentration 
of tetramethylammonium chloride. This is the behavior that 
would be expected if some perturbing electric field were being 
progressively damped out by increasing the ionic strength around 
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the ionizing group. On the other hand, it has to be noted that 
these effects are observed in a range of ionic strengths (a few 
tenths to 1 M) in which the radius of the ion atmosphere is already 
minute, and they are for this reason surprising. As Gilmour 
has noted in his paper,! it may be, alternatively, that this sim- 
plification with increasing electrolyte concentration is due to 
Cl- binding. It would be a considerable boon to this work to 
find the anionic counterpart of tetramethylammonium. 

The most interesting qualitative feature of this AET-modified 
ATPase is its apparently simple pH dependence. Before specu- 
lating on the meaning of an apparent pK near 6.8, we must con- 
sider the admonitions of Bruice and Schmir (20), who have argued 
correctly that such speculations can be treacherous. The follow- 
ing remarks, summarizing our own kinetic analysis, include as 
special cases most of the illustrations cited by Bruice and Schmir. 

Two schemes which can account for the phenomenon reported 
here—increase, with increasing pH, of the velocity at saturation 
with substrate—are: 

1. A cyclical succession of transmuting species of enzyme- 
substrate combination, X,; = X2=...X, = Xi, in which the 
jth member undergoes a side reaction consisting of proton addi- 
tion to form Xo (dissociation constant of Xo is K;). In such a 
cycle, X, can be considered the first Michaelis complex, X,-; 
can be thought to decompose, yielding final product (at concen- 
tration zero if “initial velocity” is being measured) and free 
enzyme, X,. Substrate at saturation (infinite) concentration 
then reacts with X, to form X,, etc. 

2. A cyclical succession like the above, without side reaction, 
but one in which X; = X;,, + H+ (equilibrium constant, K;). 

The analysis of both schemes is easy with the use of the “‘net 
velocity” technique of Christiansen and of Hammett (21); in- 
deed the solution of Scheme 1 is implicit in the elegant paper of 
Peller and Alberty (22). It can be shown that in either case Vinax, 
the substrate-saturated velocity at any pH, is related to 
V max(alk), the velocity at indefinitely high pH by the equation 





Vinax ne; 1 
Vinax (alk) (H+) 
K/f 


Experimental measurements of Vimax/V max (alk) as a function 
of [H+] thus yield an “apparent ionization constant,” K/f. For 
Scheme 1, K = Kj; in the notation of Peller and Alberty K/f 
would be “Kus.” For Scheme 2, K = K;. For Scheme 1, f 
is the fraction of main cycle enzyme in the jth species; it tends 
toward unity if there are few species in the cycle besides X,, or 
if steps leading into X; are fast and steps leading out of it are 
slow; clearly f < 1, therefore the apparent constant will never 
be less than the true constant. The f of Scheme 2 can also be 
precisely defined,* although it has no ready physical interpreta- 
tion. However, the conditions under which this f tends toward 
unity have to be regarded as purely fortuitous. In developing 
the suggestion below we are assuming a favorable version of 
Scheme 1, i.e. assuming that from the rate measurements we are 


° If we define, 7, = K,Kpi... Kg; Ko® = 1, then, 
s=j-1 


s=en—2 . 
S») (Ess) 
tas s=0 s=j '3+170 


s=j—l r=s r=n—2 s=n-2 


1/kya + z, 2, mo /Kemot + 2 z 


r=j+1 s=r 
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truly inferring a pK; of about 6.8. That ITPase shows a sim- 
ilar apparent pK is consistent with this assumption. It must 
also be considered that one usually draws inferences not from K 
but from pK, a function less sensitive to the departures of f 
from unity. 

Because of the numerical value of the observed pK, and be- 
cause of the sizable apparent heat of ionization, it is tempting to 
speculate that the hydrolase action of AET-treated myosin is 
fundamentally related to that of chymotrypsin, wherein the 
ionization of a special type of histidine residue is presumably 
involved. We have found myosin ATPase, however, to be com- 
pletely insensitive to diisopropylfluorophosphate (15-minute ex- 
posure to a 500-fold excess at room temperature); therefore, we 
must conclude that a histidine residue of the same sort as in 
chymotrypsin is not here involved (obviously histidine residues 
of other sorts are not ruled out by this observation). For the 
moment an attractive alternative is to suppose that the ionizing 
group is a phosphate (either ATP or one of its fragments) at- 
tached’ to the enzyme, and that increasing ionic strength simply 
damps out perturbing electrical fields from charged groups in 
the neighborhood (or that Cl- binding obscures other complica- 
tions). In order for such a phosphate group to retain a pK near 
6.8, however, it has to be assumed that it is not in a position to 
chelate Cat+ ions; for instance, because it is bound to protein. 


SUMMARY 


1. Treatment of fresh 5-hour extracted myosin B with S-8- 
aminoethylisothiuronium ion (AET) reduces the number of 
p-chloromercuribenzoate-titratable —SH groups of the protein 
by about 50%. The number of —SH groups is also reduced by 
length of extraction (in Weber-Edsall solution) during prepara- 
tion, or by age of the preparation. 

2. Under conditions (of temperature and of pyrophosphate and 
magnesium concentration) in which the pyrophosphate-binding 
sites of myosin B are saturated, about 6 to 10% of the —SH 
groups are protected from p-chloromercuribenzoate binding. 

3. The adenosine triphosphatase of AET-treated myosin B is 
sensitized to Ca++ activation and desensitized to Mg++ inhibition. 
These and other ATPase effects are simpler when studied in tetra- 
methylammonium chloride solvents rather than KC! solvents. 
Orthophosphate assay then requires prior elimination of tetra- 
methylammonium chloride by perchlorate, however. 

4. In tetramethylammonium chloride solvents, there is prac- 
tically no ATPase activity in the absence of added Ca++. The 
Michaelis constant, however, is about the same as in KCI sol- 
vents. For AET-treated myosin B ATPase, van’t Hoff plots 
of Vmax are straight at all measurable pH values in the range 
1.5 to 25°. At 25° the pH dependence of Vmax is like that of 
a single ionizing group with an apparent pK around neutrality. 
Increasing the tetramethylammonium chloride concentration 
between 0.1 M and 1.0 m shifts this apparent pK between 7.0 
and 6.5. At 25° and 0.2 m tetramethylammonium chloride the 


7 Analytical Scheme 1 prescribes only that a proton be attach- 
able to X;, an enzyme-substrate species; it is immaterial whether 
the attachment is to an enzyme moiety, as Bruice and Schmir 
(20) consider, or to a substrate moiety. If we assume attachment 
to substrate, however, we have to consider reaction with both 
ionization species of substrate, e.g. ATP? + X,= Xo and ATP 
= X;. This does not complicate the analysis if it can be assumed, 
as appears reasonable, that the proton reactions are much faster 
than the reactions in the cycle. 
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pH dependency of Vmax (ATPase) of AET-treated enzyme is 
the same as the pH dependency of V max (inosine triphosphatase) 
of untreated enzyme. 

5. A kinetic analysis of the pH dependence of Vmax coupled 
with certain assumptions suggests that in the nucleoside triphos- 
phatase activity of myosin following the initial binding step, 
some bound phosphate must ionize fully before hydrolysis can 
proceed. 
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Collagen can be denatured by mild heating of solutions in 
acidic buffers or by the action of certain reagents such as urea or 
alkali thiocyanates to give a product which has been termed 
parent gelatin.! It was first demonstrated by Orekhovitch and 
Shpikiter (1) that two components were visible when prepara- 
tions of parent gelatin from rat skin collagen were examined in 
the ultracentrifuge. The lighter was designated the a-compo- 
nent and the heavier the B-component. Boedtker and Doty (2) 
also obtained evidence for heterogeneity of parent gelatin from 
ichthyocol, a collagen from carp swim bladder. Chun and Doty 
(3) prepared fractions enriched in one or the other of the two 
components and reported a progressive change in hydroxypro- 
line content. Orekhovitch and Shpikiter (4, 5) separated the 
a- and 8-components by ammonium sulfate fractionation of urea 
solutions and suggested that the latter contained less hydroxy pro- 
line on the basis of paper chromatography (4). 

The present report deals with the chromatography on carboxy- 
methyl-cellulose (CM-cellulose) of parent gelatin prepared by 
heating solutions of calf skin collagen. The a- and 8-components 
were characterized by amino acid composition and sedimentation 
behavior. 


EXPERIMENTAL PROCEDURE 


Preparation of Calf Skin Collagen—Fresh calf skin was cleaned 
of epidermis and loose connective tissue and cut into small pieces. 
It was frozen and ground mixed with Dry-Ice in a Wiley mill. 
The tissue was extracted four to six times at 5°, for 1 to 2 days 
each, with 50 ml of 3% acetic acid per g of tissue. The combined 
collagen extracts were purified as described by Gross (6) and 
the collagen was stored at 5° as a 0.2 to 0.5% solution in 1% 
acetic acid. A lyophilized portion contained 1.5% ash and 
18.2% N (micro-Kjeldahl, corrected for moisture and ash). In 
0.15 m citrate buffer pH 3.7 (7) at 5° the collagen showed a 
single ultrasharp peak in the ultracentrifuge and had an intrinsic 
viscosity of 12.8. 

Chromatography of Collagen—When solutions of parent gelatin 
are cooled aggregation occurs and proceeds to gel formation at 
concentrations above about 0.1%. We have also observed that 
when parent gelatin solutions in acidic buffers were titrated with 
NaOH, precipitation occurred at about pH 5. Therefore, it was 


! This terminology serves to distinguish this product from less 
well defined gelatins prepared under more drastic conditions, such 


as the acid- and alkali-processed commercial gelatins. 


necessary to stay below this pH and above the denaturation 
temperature (about 36° for mammalian collagens (8)) in con- 
ducting chromatographic studies.2 These considerations and 
preliminary experiments resulted in the choice of CM-cellulose 
as the adsorbent, eluted at pH 4.8 and 37°. 

The columns were jacketed and maintained at 37° by circu- 
lating water. The CM-cellulose, prepared as described by 
Peterson and Sober (9), was equilibrated with the starting buffer, 
pH 4.8 acetate, 0.01 ['/2, and poured into a reservoir mounted 
over the column as a thin slurry in the starting buffer. Pressure 
was applied and gradually increased in proportion to the height 
of packed adsorbent so that a final value of 10 pounds per square 
inch was reached when the column was fully packed.* 

The collagen was prepared for chromatography by dialyzing 
the desired amount of the stock acetic acid solution against a 
large volume of the starting buffer for 20 hours at 5° and raising 
the temperature of the dialyzed protein solution to 40° for 15 
minutes just before placing the sample on the column. The 
sample was forced into the column with air pressure, or, if the 
volume was large, it was pumped into the column from a flask; 
starting buffer was placed over the adsorbent, and gradient elu- 
tion was started. 

The column was fed with a finger-type pump (Sigmamotor) 
from a nine-chambered gradient device (“Varigrad”’) designed 
by Peterson and Sober (10). Details of the individual experi- 
ments appear in the legends to the figures. 

The acetate buffer was prepared from 61 g (0.45 mole) of 
sodium acetate and 17 ml of glacial acetic acid diluted to 1 liter. 
This stock solution of 0.45 ['/2, pH 4.80, was diluted to the 
desired concentrations. 

Samples taken from the effluent fractions were analyzed for 
protein by the Lowry procedure (11). Collagen and gelatin 
give considerably less color in this reaction than most proteins 
(11). In addition, it was our experience that the color yields 
were extremely variable. The a- and 6-components also had 
different color yields. Therefore, the Lowry reaction was used 
only semi-quantitatively to monitor the effluent. 


? Aggregation above pH 5 and below 36° can be prevented with 
hydrogen bond competing agents such as urea or certain salts such 
as KCNS and LiBr. Preliminary experiments have indicated that 
chromatography in urea solutions at temperatures well below 36° 
may be feasible. 

’ This procedure for obtaining an evenly packed column was 
suggested by Dr. E. A. Peterson. 
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Fic. 1. A typical ultracentrifuge pattern of parent gelatin from 
calf skin collagen in the Spinco model E ultracentrifuge, taken 113 
minutes after reading full speed of 59,780 r.p.m. The total protein 
concentration was 0.7% in 0.15 1/2 acetate, pH 4.8. A Kel-F cell 
was used and the rotor temperature was 36.7°. Sedimentation was 
from right to left. 
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Fic. 2. The effluent analysis from the chromatography on CM- 
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cellulose of 200 mg of parent gelatin from calf skin collagen. The 
2.5 X 25 em column was maintained at 37° and eluted with acetate 
buffer, pH 4.8, varying in concentration from 0.01 ['/2 to 0.45 ['/2. 
In the 4-liter, nine-chambered ‘‘Varigrad’’ used to produce the 
gradient, the concentrations in chambers one through nine were 
0.01, 0.10, 0.12, 0.14, 0.16, 0.18, 0.20, 0.30, and 0.45 ['/2, with 225 
ml in each chamber. Fractions of 11.3 ml were collected at a rate 
of 4 ml per minute; 1-ml samples were taken for protein analysis. 
The arrows indicate the fractions pooled and rechromatographed 
(see Figs. 3 and 4). 


Amino Acid Analysis—Samples were hydrolyzed in a sealed 
tube with approximately 1 ml of 6 Nn HCl (triple-distilled) per 
mg of protein and a nitrogen atmosphere at 106° for 24 hours or 
jonger as indicated. The tubes were opened, the contents were 
taken to dryness once on a rotary evaporator at 40° to 50° under 
reduced pressure, and the residues were dissolved in water and 
diluted to a known volume. Portions representing 1 to 2 mg of 
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Fic. 3. The effluent analysis from the chromatography of 27 mg 
of the partially purified a-component of parent gelatin (see Fig. 2). 
The 1 X 25 em column of CM-cellulose was maintained at 37° and 
eluted with acetate buffer, pH 4.8, in the same manner as described 
in the legend to Fig. 2 except that a 500-ml ‘‘Varigrad’”’ was used 
with 45 ml in each chamber. Three milliliter fractions were col- 
lected at 1.5 ml per minute, and 1-ml aliquots were taken for pro- 
tein analysis. The portion indicated by the arrow was taken for 
amino acid analysis. 
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protein were taken for analysis. An automatic amino acid 
analyzer similar to that described by Spackman, Stein, and 
Moore (12) was used. Our instrument! uses a 105 em column 
of Dowex 50-X12, 20 to 30 micron beads. It is eluted with a 
continuous salt and pH gradient which allows the analysis of 
all the amino acids in collagen in a single run. 


RESULTS 
Sedimentation®'—The effect of denaturation of calf skin collagen 
was examined in the ultracentrifuge under the conditions chosen 
for chromatography. At pH 4.8 in 0.15 I'/2 acetate, solutions 
of collagen warmed to 40° for a few minutes and then centrifuged 
at 37° showed two peaks (Fig. 1). The sedimentation coeffi- 
cients at infinite dilution, corrected to water at 29° ri were 
3.24 S for the a-component and 4.41 S for the B-component. 
Parent gelatin from rat skin collagen and calf skin collagen 
showed identical behavior in the ultracentrifuge at 0.56%. There 
was also no detectable difference after correction to standard 
conditions between sedimentation in the acetate buffer used by 
us and the pH 3.7 citrate buffer used by others (2, 7). 

Parent gelatin from calf skin collagen, denatured by dialysis 
at 5° against 2 m KCNS (in 0.15 ['/2 phosphate, pH 7.5) and 
examined in the same solvent in the ultracentrifuge at 15°, was 
found to have two components with sedimentation coefficients 
(S..) of 3.73 S and 5.28 S. 

The results of a 
graphic experiment appear in Fig. 2. 


Chromatography preparative chromato- 
Two protein fractions, 
subsequently identified by sedimentation as the a- and B-compo- 
nents, separated fairly well except for considerable tailing. This 
was particularly evident in the high base line following the peaks. 
Protein from portions of each peak, as indicated in Fig. 2, was 
isolated by dialysis against water at 5° and lyophilization, and 
then was rechromatographed (Figs. 3 and 4). The presence of 
a small amount of the other component in each sample from the 
first fractionation was evident. Portions of each peak were 
again isolated and these samples were used for amino acid analy- 
sis. Other samples from similar runs were examined in the 
‘K. A. Piez, in preparation. 


’ We are indebted to Dr. William Carroll for aid and advice on 
these ultracentrifuge experiments. 
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ultracentrifuge. Only one peak was visible in samples of the 
a-component. The 6-component always contained a small 
amount of a more slowly moving substance. However, this may 
have represented a degradation product rather than the presence 
of some a-component since the heavier species is known to be 
unstable (8). We have observed that both components showed 
distinct evidence of heterogeneity after storage as the lyophilized 
protein for 1 to 2 weeks at room temperature. It was estimated 
from the chromatographic analysis (Figs. 3 and 4) and sedimen- 
tation analysis of similar samples that the separated components 
used for amino acid analysis were better than 90% pure. 

Amino Acid Analysis—In a separate series of experiments 
the original calf skin collagen was hydrolyzed for 24, 48, and 72 
hours to obtain information on the rate of appearance or de- 
struction of the free amino acids. The results (Table I) were 
calculated on an equal residue basis rather than an equal weight 
basis. The former units are unaffected by errors introduced by 
weight and volume measurements, losses during transfers, and 
corrections for moisture and ash. For those amino acids par- 
tially destroyed during hydrolysis, the average loss between 24 
and 48, and between 48 and 72 hours, was taken as the correction 
to be applied to 24-hour hydrolysates. The average increase in 
ammonia was equivalent to the total loss of threonine and serine 
as was expected (13). Because valine was released slowly, the 
total increase over the period between 24 and 72 hours was used 
to estimate the correction. 

The amino acid analyses of calf skin collagen and the a- and 
6-components (Table II) were done on consecutive days with 
the same reagents for the automatic amino acid analyzer. Under 
these conditions reproducibility was extremely high as indicated 
by the duplicate analyses on aliquots of the same hydrolysate 
(Table II). This allowed a precise comparison of the three 
proteins. 

It was readily apparent that although the amino acid compo- 
sitions of the a- and 8-components were similar, they were un- 
questionably not identical. Nearly all of the amino acids dif- 
fered from a few per cent to more than 2-fold. In three instances, 
serine, arginine, and amide N, the differences were very small 
and the value for the original collagen did not lie between those 
for its two components. These then were not significantly dif- 
ferent for the a- and 6-components. This was also considered 
to be true of threonine, phenylalanine, and methionine. The 
differences for hydroxyproline, glycine, and tyrosine were prob- 
ably significant, although it should be noted that hydroxypro- 
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Fic. 4. The effluent analysis from the chromatography of 45 mg 
of the partially purified 8-component of parent gelatin (see Fig. 2). 
The conditions were the same as described in the legend to Fig. 3. 
The portion indicated by the arrow was taken for amino acid anal- 
ysis. 
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TaBLeE I 
Rate of appearance of amino acids during acid hydrolysis of calf 
skin collagen 
Hours hydrolylzed 
Amino acid* Average | Correction 
24 | 48 | 72 
residues/1000 total residues % 
Threonine......... 16.7 16.4 16.0 0.4 +2.4 
RNS acs <> snes le 34.4 33.0 31.0 : +4.9 
| ae 20.8 21.8 22.8 2.0 +9.6 
Methioninef....... 5.5 5.0 3.7 0.9 +16 
Tytomne.. 20... 4. 1.6 1.4 0.8 0. +25 
Ammonia.......... 45.6 47.6 50.3 2.4 —5.3 

















* All other amino acids showed no significant change between 
24 and 72 hours. 

t Total difference (see text). 

tSum of methionine and methionine sulfoxide. When the 
hydrolysis was carried out in air, a further loss of about 25% was 
observed. 


TaBLe II 


Amino acid composition of calf skin collagen and 
its a- and B-components* 




















Collagent a-Componentt 8-Componentt 
Amino acid 
1 2 1 2 1 2 
Hydroxyproline...| 85.1 | 87.0 | 88.0 | 87.4| 83.2] 82.7 
Aspartic acid.....| 44.9 | 45.2 | 48.0) 42.4| 46.0] 45.7 
Threonine........ 17.8 | 17.8| 16.9} 16.9] 18.1] 18.0 
ott 37.4 | 37.1 | 38.1 | 38.0] 37.5 | 37.5 
Glutamic acid....| 71.6 | 70.9 | 74.4| 73.6) 68.8] 68.6 
Proves. 2.235 135.5 | 133.8 | 140.8 | 141.6 | 126.9 | 128.4 
Gigdine:. . e608 326.4 | 324.1 | 322.2 | 324.3 | 328.6 | 328.1 
Alanine...........| 111.7 | 111.7 | 118.2 | 117.0 | 108.5 | 109.4 
Vee. os. cccunnd, 22.5 | 22.3| 17.6] 17.6| 27.5| 27.5 
Methionine....... 6.4 6.4 6.5 6.6 6.2 6.3 
Isoleucine........ 10.9} 11.7 9.2 9.7) 14.0] 15.1 
LOUGING.. 4 4.0+:+.-.4s 24.6 | 24.6) 20.5) 21.0) 27.9) 29.2 
i). 3.0 3.0 3.4 3.4 2.0 2.0 
Phenylalanine....| 13.4 | 18.2] 18.4] 12.7| 14.9] 14.1 
Hydroxylysine....| 7.3 7.4 5.5 6.3 8.8 8.9 
Lysine...........| 26.5 | 26.8} 29.8) 30.1 | 22.7 | 22.8 
Histidine......... 5.1 4.9 2.7 2.5 6.0 5.9 
Arginine..........| 50.1 | 52.4} 50.1 | 49.1] 52.5] 49.9 
Amide N...:...% (43.7)| (44.6)| (44.3)| (41.5)} (42.2)| (42.1) 

















* Duplicate analyses corrected as described in Table I. 
¢ Residues per 1000 total residues. 


line has a poor color yield in the ninhydrin reaction and generally 
showed greater variability than appeared here, that the glycine 
difference was less than 2%, and that the amount of tyrosine 
present (about 5 wg per mg of protein) was near the limit of 
detection. However, in each case the duplicate analyses agreed 
well and the value for the original collagen fell between the values 
for the separate components. All of the other amino acids (as- 
partic acid, glutamic acid, proline, alanine, valine, isoleucine, 
leucine, hydroxylysine, lysine, and histidine) differed by amounts 
(8% to more than 2-fold) that could not reasonably be explained 
by experimental error. 

For any amino acid present in different amounts in the two 
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components, the ratio of the differences between each component 
and the original collagen would be the inverse of the weight ratio 
of the components as they occur in the original collagen. Since 
the proteins differ in their content of so many amino acids, the 
ratio of the total differences, summed without regard to sign, 
would provide a precise measure of the relative amounts of the 
two components in undenatured collagen, subject only to the 
purity of the samples analyzed. This calculation was performed 
with averages of the duplicate analyses (TableII) and omitting 
those amino acids which probably did not differ significantly. 
The total differences were 39.3 and 39.0 residues per 1000 for 
the a- and £-components, respectively; this indicated a weight 
ratio very close to one. 


DISCUSSION 


It is not likely that the chromatographic separation of the a- 
and 6-components is the result of different charge densities. The 
amino acid composition (Table II) indicates that they should be 
nearly the same at pH 4.8. It is known, however, that the 
molecular weights of the two components differ approximately 
2-fold (see below). Under these conditions, the larger molecule 
would move more slowly than the smaller since its statistical 
chances of being attached to the adsorbent would be greater. 

In view of the wide range in amino acid composition which is 
compatible with the collagen structure (14), the differences be- 
tween the a- and 8-components do not suggest any major struc- 
tural variation. Both would seem to fit the triple-chain, helical 
model (15) generally regarded as the most satisfactory explana- 
tion of the x-ray diffraction data. The glycine contents of the 
individual components (Table II) are both very close to the 
theoretical requirement of one third (15). The actual values 
are 3 and 1.5% lower. Although these differences may not be 
significant, they are consistent with the possible presence in the 
molecule of disordered, or differently ordered, regions. If the 
a- and 8-components represent single chains wound about one 
another in the native collagen molecule, the difference in compo- 
sition would require that there be no symmetry about the axis 
of the molecule. This could have important implications with 
regard to crystal packing of the molecules in the fibril. 

The finding of less hydroxyproline in the 6-component than in 
the a-component is in qualitative agreement with previous re- 
ports (3, 4). We find a difference of about 5% between the 
components from calf skin collagen. Although this is less than 
the 20% difference reported for ichthyocol by chemical analysis 
(3), there may, of course, be species differences. 

The sedimentation coefficients found by us for the a- and f- 
components in 0.15 T'/2, pH 4.8 acetate Se = 3.2458 and 4.41 
S, respectively) are in good agreement with values determined 
for parent gelatin from ichthyocol under similar conditions. Gal- 
lop (7) has reported 80,0 = 3.31 S in 0.15 M, pH 3.7 citrate for 
the a-component of ichthyocol. A molecular weight of 70,000 
was calculated from this and other physical data. Chun and 
Doty (3) have found 3.15 S and 4.3 S in the same solvent for 
the two components, also from ichthyocol. Molecular weights 
of 80,000 and 160,000 were suggested on the basis of the relation 
between the sedimentation coefficient and molecular weight of 
gelatin derived by Williams e¢ al. (16). Our studies suggest that 
the same molecular weights apply to the a- and 8-components 
of both calf skin and rat skin collagen. However, studies in 
solutions of KCNS have produced considerably different results. 
Orekhovitch and Shpikiter (5) found sedimentation coefficients 
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(820.1) of 4.0 S and 5.75 S for the a- and B-components of rat 
skin collagen in 1 Mm KCNS. Molecular weights of 125,000 and 
290,000 were calculated from sedimentation and diffusion data. 
Doty and Nishihara (8) found sedimentation coefficients (8}),.) 
of 3.85 S and 5.45 S for the two components of calf skin collagen 
in 1.2 m KCNS, pH 3.7 and suggested molecular weights of 
120,000 and 230,000. We have found very similar values, 3.73 
S and 5.29 S, in 2 m KCNS, pH 7.5. Since sedimentation ¢o- 
efficients determined in KCNS are consistently higher than those 
observed in citrate or acetate buffers, it is likely that KCNS has 
a specific effect on the molecular state of gelatin which requires 
that considerable care be taken in the interpretation of data 
obtained in its presence. Very little is known concerning the 
mechanism of its interaction with collagen and gelatin. 

These higher molecular weights are also inconsistent with the 
molecular weight of native collagen. Boedkter and Doty (2) 
and Doty and Nishihara (8) found that both ichthyocol and 
calf skin collagen have molecular weights of about 350,000. 
However, because Orekhovitch and Shpikiter (5) found equal 
weights of the a- and 6-components in rat skin collagen and our 
data strongly support the same conclusion with regard to calf 
skin collagen (see above), the higher molecular weights for the 
components would require collagen to have a minimum molecular 
weight of about 500,000, well above the generally accepted value. 
Therefore, the present evidence suggests that the most reasonable 
values for the molecular weight of the a- and 6-components of 
ichthyocol and collagens from rat and calf skin are about 80,000 
and 160,000. In this case the total is 320,000 which is reasonably 
close to the observed value of 350,000. Obviously, additional 
information on this point is desirable. 

It has been shown that the a- and B-components correspond to 
single chains (8) derived from the triple-chain, helical collagen 
structure (14). Boedtker and Doty (2), observing the hetero- 
geneity of parent gelatin, suggested several three-chain models 
with terminal single chains. If we accept the evidence discussed 
above that two chains, each of equivalent weights of 80,000, and 
one of 160,000 per mole are involved, it is possible to define this 
suggestion further. The polyproline-type helix assumed by the 
individual chains in the ordered regions of collagen results in a 
residue length of 2.86 A (14). If the a-chains are entirely in 
this form and the average residue weight is 91.2 (calculated from 
the data in Table II), their extended length would be about 
2500 A. Since the 6-chain is twice the size of the a-chains, half 
of the 6-chain would be left outside the triple-chain portion of 
the molecule. This is equivalent to nearly 900 amino acid resi- 
dues either present at one end or distributed between both ends 
of the molecule. The value of 900 residues is only an approxi- 
mate one since the molecular weights are not precisely known. 
Although the form which the terminal] single chain assumes also 
is not known, it would presumably increase the length of the 
molecule to give a total in reasonable agreement with the 2900 A 
measured by electron microscopy and physical methods (17). 

The importance of the end-region of the collagen molecule in 
aggregation has been demonstrated by Hodge and Schmitt (18, 
19). They suggest that it has a specific order in aggregated 
structures. This argument may be carried further by consider- 
ing the demonstration by Gross and Kirk (20) that aggregation in 
neutral solution occurs on warming. This phenomenon may be 
interpreted on thermodynamic grounds as a transition, perhaps 
of the end-region, from a highly ordered state in the monomer 
to something with less order which then permits end-to-end 
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associations. The heat-aggregation can be reversed by cooling 
(20), presumably by a return to the more stable, monomeric 
form. The reversibility is lost on aging (20), perhaps by per- 
fection of crystal packing through lateral associations. 

Kessler et al. (21) have recently reported on the chromatog- 
raphy on CM-cellulose of denatured rat tail collagen. They 
prepared their samples under more drastic conditions than used 
by us and found at least four components. This high polydis- 
persity presumably arose as a result of covalent bond cleavage, 
which is known to occur readily (2), to yield undefined fragments. 
Their procedures may offer an approach to the controlled deg- 
radation of collagen preliminary to amino acid sequence studies. 


SUMMARY 


Parent gelatin, prepared from purified calf skin collagen by 
heat denaturation, was examined in the ultracentrifuge and 
chromatographed on carboxymethyl] cellulose at 37°. By chro- 
matography, in which a continuous ionic strength gradient at 
pH 4.8 was used, a partial separation of the a- and 8-components 
was effected. These components were rechromatographed and 
the purified fractions were anlayzed for their complete amino 
acid content. 

The amino acid compositions of the two components were 
similar, but amounts of the individual amino acids differed from 
several per cent to more than 2-fold. The 8-component, com- 
pared to the a-component, had more than twice as much histi- 
dine, about half as much tyrosine, about one and a half times as 
much hydroxylysine, leucine, isoleucine, and valine, and one 
quarter less lysine. The contents of hydroxyproline, proline, 
aspartic acid, glutamic acid, glycine, and alanine differed by 2 
tol10%. Threonine, serine, methionine, phenylalanine, arginine, 
and amide N were not significantly different. 

The amino acid composition of the purified calf skin collagen 
also was determined. This was found to be identical with the 
average of the amino acid contents of the two components, 
indicating the presence of approximately equal weights of the 
a- and 6-components in undenatured collagen. 

The sedimentation coefficients were consistent with previously 
suggested molecular weights of 80,000 (a-component) and 
160,000 (8-component). 
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Melatonin is a substance that can lighten the color of frog 
melanocytes by causing aggregation of melanin granules about 
the nuclei of the cells (1). It is present in the nervous system 
in very small amounts, the pineal gland being the richest source 
of this substance. Melatonin is approximately 100,000 times 
more potent than noradrenaline which previously was considered 
to be the most active lightening agent. In the isolation of 
melatonin from bovine pineal glands a chemically similar, but 
biologically inactive, compound was also found (2-4). Mela- 
tonin was shown to be N-acetyl-5-methoxytryptamine (3) and 
the other compound, 5-methoxyindole-3-acetic acid (4). These 
experiments demonstrated that O-methylation of hydroxyindoles 
occurs in biological reactions. 

In this report details of the isolation and determination of 
structure of melatonin and 5-methoxyindole-3-acetic acid are 
given. 


EXPERIMENTAL PROCEDURE 


Materials—Drs. Joseph Fisher, Eldon Nielson, and Sanford 
Steelman of the Armour Laboratories supplied us with more 
than 100 kg of bovine pineal glands (approximately 200,000 
glands) in the fresh frozen or lyophilized state. Many indole 
derivatives were made available to us by Drs. Richard V. Hein- 
zelman of The Upjohn Company, Albert Hofmann of the San- 
doz Chemical Works, Inc., Aleck Borman of The Squibb Institute 
for Medical Research, and D. W. Woolley of The Rockefeller 
Institute. 

Bioassay—aA detailed account of the bioassay method for de- 
tecting melatonin will be published elsewhere? (5). In essence, 
lightening in color of isolated pieces of frog skin was observed 
quantitatively with a photoelectric photometer. 

Skin from Rana pipiens was removed, soaked 1 hour in frog 
Ringer’s solution, stretched on plastic rings, and placed in trans- 
parent plastic dishes containing 30 ml of Ringer’s solution. The 
skin specimens were darkened by adding 30 mg of caffeine to 
each dish and allowing 1 hour for the reaction to go to com- 
pletion. In this process pigment granules within the melano- 
cytes became dispersed throughout the cells. Microscopically, 
areas with melanocyte densities of 50 to 60 cells per low power 
field were selected. The amount of transmitted light falling 


* This work has been supported by grants from the United 
States Public Health Service. 

+ Research Fellow, United States Public Health Service. 

t Present address, Okinaka Clinic, University of Tokyo School 
of Medicine, Bunkyo-ku, Tokyo, Japan. 

1 J. Barchas, W. Mori, and A. B. Lerner, unpublished data. 

2 W. Mori and A. B. Lerner, to be published. 


on a photocell attached to a microscope was recorded. The 
skin lightened within 10 to 20 minutes after addition of mela- 
tonin extracts. Photometer readings were taken after 30 min- 
utes. Increased amounts of light striking the photocell signi- 
fied lightening of skin color due to aggregation of pigment 
granules within the melanocyte. At the end of the assay maxi- 
mal possible lightening was checked by addition of 0.1 mg of 
norepinephrine. One unit of melatonin was defined as that 
quantity per milliliter in frog Ringer’s solution that produced 
20 to 30% of the maximal possible lightening. This type of 
change usually was apparent to the naked eye. 

Organic Solvents—In the isolation and identification experi- 
ments all organic solvents used (methanol, ethanol, propanol, 
ethyl acetate, benzene, and heptane) were of analytical reagent 
grade quality; and all were distilled before use. Analytical grade 
petroleum ether used in the Soxhlet extracter was not distilled 
first. 

Isolation Procedure—Starting material was usually lyophilized 
bovine pineal glands. Adherent to the glands obtained from 
the supplier were bits of bone, brain, blood, and connective 
tissue. After manual removal of adventitious material, white 
glands weighing about one-third of the starting weight were 
obtained. The average weight of a trimmed, lyophilized bovine 
pineal gland was approximately 40 mg. The fresh weight was 
approximately 200 mg. About 500 g of the clean, dried glands 
were reduced at a time to a powder in 1 to 2 minutes at me- 
dium speed in a 4-liter Waring Blendor. The resulting white 
powder was defatted batchwise for 2 hours with petroleum ether 
in a Soxhlet extracter. A 15 to 17% decrease in weight of pineal 
powder resulted from petroleum ether extraction. 

We mixed 85 g of defatted powder for 1 minute with 1700 
ml of water at high speed in the large Blendor. Then the 
mixture was centrifuged at 16,000 x g for 30 minutes. Clear 
supernatant fluid was filtered through glass wool to remove a 
surface scum. The 1600-ml solution was extracted twice with 
equal volumes of ethyl acetate, and the ethyl acetate layers 
were taken to dryness in a rotary flash evaporator under re- 
duced pressure at 40°. The residue was subjected to 29 trans- 
fers in a 30-tube Post countercurrent distribution apparatus 
with the system ethyl acetate-heptane-water in a 1:1:2 ratio. 
Fluorescence of the upper phase was determined for all 30 tubes 
with a Farrand model 104244 recording spectrophotofluorometer 
with activating light of 300 my wave length. The fluorescence 
spectrum was recorded, and the peak at 333 mu was expressed 
in arbitrary units of photocell output in amperes X 107%. Fig. 
1 shows that two major fluorescence peaks were separated by 
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countercurrent distribution. However, on bioassay the active 
lightening agent was concentrated between the two fluorescence 
peaks. Because of these results the contents of tubes from the 
countercurrent distribution were pooled into three groups as 
follows: tubes 0 to 7, 8 to 16 and 16 to 25. Each group was 
worked up separately but in the same way. The organic liq- 
uid layer was separated and the aqueous layer extracted twice 
with equal volumes of ethyl acetate. The organic liquid layers 
from each group were combined and evaporated to dryness at 
40° under reduced pressure. To dissolve the residue, 5 ml of 
benzene were added and the solution was placed on a silicic 
acid column. The latter was made by mixing 8 g of silicic 
acid powder (Mallinckrodt analytical reagent grade) of 80- to 
120-mesh size with 2 g of Hyflo Super-Cel (Celite, Johns-Mans- 
ville) and by putting the mixture in a glass tube 12 mm in 
diameter. Activation of silicic acid before use was accomplished 
by successive washing with 100-ml portions of methanol, ace- 
tone, and benzene. After one of the three pooled fractions 
from countercurrent distribution was placed on the column, 
benzene with increasing quantities of methanol (Fig. 2) was 
passed through the column. Positive pressure of 10 cm mer- 
cury was applied with nitrogen gas. Flow rate was 1.5 ml 
per minute at 22°. Then 15-ml fractions were collected. Fluo- 
rescence measurements, as described earlier, were made directly 
on the collected material. After elution of the contents of 
countercurrent tubes 8 to 16 from the column, three distinct 
fluorescence Peaks, I, II, and III, were obtained as shown in 
Fig. 2. When material from Tubes 17 to 25 was eluted, only 
a single large peak corresponding in location to I and an at- 
tenuated Peak II were obtained. After elution of the contents 
of Tubes 0 to 7, only a single large peak corresponding in lo- 
cation to III and a small Peak II were obtained. All biological 
activity appeared in Fraction II. 

Material collected separately from Peaks I, II, and III was 
rerun through silicic acid columns. The activating and emitted 
fluorescence maxima were determined for these purified prod- 
ucts in both benzene and ethanol. The activating maximum 
for Peaks I, II, and III was 304 muy; and the fluorescence max- 
ima were 338, 333, and 334 muy, respectively. Since the fluo- 
rescence properties were similar to those of 5-hydroxyindoles, 
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Fic. 1. Countercurrent distribution in ethyl acetate-heptane- 
water in a 1:1:2 ratio was carried out on an extract made from de- 
fatted, trimmed, lyophilized, bovine pineal glands which had been 
mixed in water and then extracted with ethyl acetate. Fluores- 
cence and biological activity were measured for the upper phase 
only. The values in the chart refer to the upper phase alone. 
Contents of Tubes 0 to 7, 8 to 16, and 16 to 25 were pooled, and 
each group was put on a separate silicic acid column. 
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spot tests of the three products were made with Ehrlich’s re- 
agent (p-dimethylaminobenzaldehyde) on paper. All gave iden- 
tical blue violet spots characteristic of indole compounds. Once 
the general class to which these compounds belonged became 
known it was possible to proceed with work on their struc- 
ture. 

Identification of ITI as 5-Hydroxyindole-3-acetic Acid— 


HO CH,COOH 


N 
b 


H 


The ultraviolet absorption curve of III in ethanol, obtained 
with a Cary model 14 spectrophotometer, was identical with 
that of 5-hydroxyindole-3-acetic acid (Fig. 3). Furthermore, 
both gave the same acid-base shifts. Activation and fluores- 
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Fic. 2. Siliciec acid chromatography of countercurrent pooled 
Fractions 8 to 16 gave three distinct peaks as measured by fluores- 
cence. The material had been put on the column with benzene 
and eluted with benzene to which methanol was added in increas- 
ing quantity. Biological activity was found only in Peak II. 
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Fic. 3. The ultraviolet absorption curve of 5-hydroxyindole-3- 


acetic acid was almost identical with that of Fraction III from 
the silicic acid column. The concentration of synthetic 5-hy- 
droxyindole acetic acid was adjusted so that at its optical density 
maximum both natural and synthetic compounds gave the same 
values. Both substances gave the same acid-base shifts. 
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cence maxima for III and 5-hydroxyindole-3-acetic acid were 
the same, and these values were different from those of I and IT. 
Additional evidence for the identification of III as 5-hydroxy- 
indole-3-acetic acid were the following findings: identical dis- 
tribution in a 29-tube transfer countercurrent distribution run 
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Fic. 4. The filtraviolet absorption spectra of 5-hydroxyindole- 
3-acetic acid and 5-methoxyindole-3-acetic acid were compared. 
The absorption maxima were at the same wave length, but the 
shoulders were different. 
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in a solvent system of ethyl acetate-heptane-water in a 1:1:2 
ratio; the same elution curves from silicic acid columns; equal 
Ry values on paper chromatography with the system propanol- 
concentrated ammonia-water in a 16:1:3 ratio, and identical 
electrophoretic mobility at pH 4.5 and pH 8.9. 

It is estimated that 100 g of fresh pineal tissue contain 200 
ug 5-hydroxyindole-3-acetic acid. 

Identification of I as 5-Methoxyindole-3-acetic Acid— 


CH,O CH,COOH 


Y 

All three compounds, I, II, and 5-hydroxyindole-acetic acid, 
gave exactly the same color when reacted with Ehrlich’s re- 
agent. I and II showed similar ultraviolet absorption curves 
and the same fluorescence characteristics. However, these prop- 
erties were significantly different from those of 5-hydroxyindole 
acetic acid (Fig. 4). Furthermore, the ultraviolet absorption 
curves of I and II disclosed no acid-base shift. Thus, these 
compounds seemed to be substituted 5-hydroxyindoles. Addi- 
tional evidence for a block at position 5 was given by elec- 
trophoresis at pH 11.9 which failed to reveal an ionizable phe- 
nolic group (Fig. 5). The presence of a side chain at position 
3 was consistent with the ultraviolet and fluorescence charac- 
teristics of many reference indoles and I. On electrophoresis 
it was found that I behaved as though it had a free carboxy 
group. At pH 1.5 its mobility was the same as that of 5 
hydroxyindole-acetic acid, and at pH 11.9 its mobility was les 
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Fie. 5. Electrophoresis at pH 11.9 revealed greater mobility of synthetic 5-hydroxyindole-acetic acid toward the anode than of nat- 
ural 5-methoxyindole-acid. However, at pH 1.5 their mobilities were the same. Melatonin had the mobility of an unchanged mole- 


cule at both pH 11.9 and 1.5. 
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than that of 5-hydroxyindole-acetic acid. No ionizable amine 
group could be present. One milligram of I was allowed to 
react with diazomethane in ether and ethanol. After removal 
of the organic solvents the product was subjected to a 30- 
tube countercurrent distribution of heptane-water in a 1:1 ratio. 
By fluorescence analysis the greatest concentration of the methyl 
ester of I was in Tube 17. Therefore, Tubes 15 to 21 were 
pooled. The heptane layer plus an ethyl acetate extract of 
the water layer were taken to dryness under reduced pressure, 
and the ester was sublimed at 40° under reduced pressure. When 
the ester was placed in a mass spectrometer, its molecular weight 
was found to be 219. A strong peak at mass 160 indicated 
the structure of a fragment to be CH,0O—C,H;N—CH.—. 
These data suggested that I was 5-methoxyindole-3-acetic acid. 
I was synthesized from 5-methoxyindole-3-acetonitrile (6-8). 
The synthetic and natural compounds were found to have iden- 
tical chemical and physical properties as determined by reac- 
tion with Ehrlich’s reagent; infrared, ultraviolet absorption, and 
fluorescence curves (Fig. 6); countercurrent distribution; silicic 
acid column; and paper chromatography with acidic, basic, and 
neutral solvents. Mass spectrometry of the methyl esters of 
both synthetic and natural I revealed the same proportion of 
219 and 160 masses. 

The quantity of 5-methoxyindole-3-acetic acid in fresh bovine 
pineal glands is about the same as 5-hydroxyindole-3-acetic acid, 
being about 200 ug per 100 g of fresh gland. 

Identification of II (Melatonin) as N-Acetyl-5-methoxytrypta- 
mine— 


Co) 
CH, CH,CH,NHC—CH, 


H 


For several reasons elucidation of the structure of melatonin 
turned out to be a much more difficult task than identification 
of the other two compounds. The concentration of melatonin 
in the pineal gland is only one-tenth that of 5-methoxyindole- 
acetic acid or 5-hydroxyindole-acetic acid. At no time was it 
feasible to have more than 100 wg of melatonin available for 
analysis. 

As mentioned previously, fluorescence properties and the ul- 
traviolet absorption curves of melatonin and I were quite simi- 
lar. No acid-base shift was observed. These findings suggested 
that melatonin also was a 5-methoxyindole. Unlike I, mela- 
tonin behaved like a neutral compound on electrophoresis at 
different pH values. However, a carbonyl or amide function 
appeared to be present in a side chain in position 3 because 
on the silicic acid column melatonin acted more polar than 5- 
methoxyindole-acetic acid but less polar than 5-hydroxyindole- 
acetic acid. The ultraviolet absorption and fluorescence curves 
revealed that if a carbonyl group were present in a side chain 
in position 3, it could not be conjugated with the ring (Fig. 
7). Also, it was unlikely that melatonin was an ester of 5- 
methoxyindole-acetic acid because on hydrolysis with barium 
or sodium hydroxide no 5-methoxyindole-acetic acid was de- 
tected. At this point it was remembered that acetylcholine is 
a relatively potent frog skin-lightening agent. Perhaps mela- 
tonin was an N-acetylated methoxytryptamine. The recent 
finding of N-acetylserotonin as a metabolic product of serotonin 
(9) supported this idea. Therefore, N-acetyl-5-methoxytrypta- 
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Fie. 6. The methyl esters of synthetic 5-methoxyindole-3-ace- 
tic acid and of compound I from the silicic acid column gave identi- 
cal ultraviolet light absorption curves. The concentration of the 
synthetic ester was adjusted so that at its optical density maxi- 
mum both natural and synthetic compounds gave the same values. 
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mine was synthesized (3, 10) and compared with natural me- 
latonin. With a single exception all of the following properties 
of these two substances were identical: fluorescence, ultravio- 
let absorption, elution curves from silicic acid and aluminum 
oxide columns, paper chromatography with six different solvent 
systems, countercurrent distribution, and biological potencies on 
frog skin. The six different paper chromatography systems 
were: isopropanol-concentrated NH3-water 16:1:3 (Rp 0.83); 
n-butanol-acetic acid-water 4:1:5 (Ry 0.9); n-butanol-acetic 
acid-water-pyridine 15:3:12:10 (Rr 0.8); heptane-pyridine 7:3 
(Rr 0.10); heptane-pyridine 6.5:3.5 (Rp 0.80), and benzene- 
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ethyl acetate-water 20:1:20 (Rr 0.39). The single exception 
was infrared analysis. It has not been possible to purify natural 
melatonin to the point where it gives a good infrared curve. 
This difficulty may be due to the fact that melatonin does 
not have a readily ionizable group. Nevertheless, the other 
chemical, physical, and biological data indicate that melatonin 
is N-acetyl-5-methoxytryptamine. 


DISCUSSION 


During the past two years it has been generally assumed 
that in mammals O-methylation of catechol amines occurs but 
not of hydroxyindoles (9, 11, 12). The following findings point 
to the occurrence of O-methylation of hydroxyindoles: isolation 
of melatonin and 5-methoxyindole-3-acetic acid from bovine 
pineal glands and the demonstration of melatonin activity in 
extracts of human pineal glands and urine,’ in human, monkey, 
and bovine peripheral nerves (13) and in some regions of the 
nervous system of monkeys and cattle.‘ The extremely small 
quantity of melatonin in biological tissue probably was respon- 
sible for the slow progress in this field. 

Melatonin in concentrations as low as 10-" g per ml can 
prevent and partially reverse the darkening actions of melano- 
cyte-stimulating hormone, adrenocorticotrophic hormone, and 
caffeine on frog (Rana pipiens) skin (14). It is of interest that 
the most potent frog skin-darkening substance, a-melanocyte- 
stimulating hormone, is effective in a concentration of 10-” 
g per ml and that, like melatonin, it also is an N-acetyl com- 
pound. These two N-acetyl compounds may compete with 
each other to darken or lighten melanocytes. 

The physiological role of melatonin in animals is not known 
at the present time. 

Since a great proportion of injected serotonin is metabolized to 
N-acetylserotonin, it is likely that O-methylation occurs after 
and not before N-acetylation. Furthermore, a hydroxyindole- 


3 Y. Takahashi and A. B. Lerner, unpublished data. 
4 J. Barchas, W. Mori, and A. B. Lerner, unpublished data. 


O-methy] transferase that utilized N-acetylserotonin as a sub- 
strate much more effectively than serotonin recently was found 
in pineal tissue (15). 5-Hydroxyindole acetic acid also was 
utilized as a substrate for this enzyme but at a slow rate. Feed- 
ing 5-methoxytryptamine to rats resulted in the excretion of 
5-methoxyindole acetic acid in the urine (16). Recently Kopin 
et al. (17) showed that intraperitoneal injection of labeled mela- 
tonin into rats resulted in the urinary excretion of a high yield 
of 6-hydroxymelatonin as the sulfate and glucuronide conjugates. 
These findings suggest that melatonin is formed and metabolized 
in the following manner. Serotonin is acetylated to N-acetyl- 
serotonin which in turn is O-methylated to melatonin. Mela- 
tonin can undergo hydroxylation to form 6-hydroxymelatonin, or 
it can be deacetylated to 5-methoxytryptamine which in turn can 
be oxidized to 5-methoxyindole acetic acid. The 5-methoxyin- 
dole acetic acid also may come from serotonin via 5-hydroxyin- 
dole acetic acid. These reactions are summarized in Fig. 8. 


SUMMARY 


Two methoxyindoles, N-acetyl-5-methoxytryptamine (mela- 
tonin) and 5-methoxyindole-3-acetic acid, as well as 5-hydroxy- 
indole-3-acetic acid, were isolated from bovine pineal glands. 
Melatonin is the most potent agent known to lighten the color 
of frog skin. 
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Ribonucleoprotein from a Rat Tumor, the Jensen Sarcoma 
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PROPERTIES*f 


Mary L. PereRMANN 


From the Sloan-Kettering Institute for Cancer Research, and the Sloan-Kettering Division, Cornell 
University Medical College, New York, New York 


(Received for publication, February 25, 1960) 


The importance of magnesium to the structural integrity of 
the ribonucleoprotein particles was first shown by Chao (1), work- 
ing on yeast. Similar observations have been made for ribo- 
nucleoproteins from Escherichia coli (2), pea seedlings (3), and 
rat liver (4). The ultracentrifugal patterns of ribonucleoprotein 
from rat liver show a sensitivity to magnesium which is strongly 
dependent on the pH and ionic strength of the solution (4). 
In this paper a ribonucleoprotein from a rat tumor, the Jensen 
sarcoma, is described. Its ultracentrifugal and electrophoretic 
behavior in solutions of varying magnesium content, pH, and 
ionic strength is dependent on the amount of magnesium bound 
by the ribonucleoprotein. 


EXPERIMENTAL PROCEDURE 


Tumors—The Jensen sarcoma (5), a transplantable spindle-cell 
sarcoma rich in RNP! (6, 7), was grown in young Sprague-Daw- 
ley rats, weighing about 100 g. The animals were lightly anes- 
thetized with ether and implanted by trocar with 1.5-mm pieces 
of tumor, in both axillary regions. After 10 to 12 days the rats 
were killed with ether, and the tumors were excised and chilled. 
For the first preparation the grossly necrotic portions of the 
tumors were kept separate. Since the RNP from these portions 
appeared to be identical with that from the nonnecrotic portions, 
the whole tumors were used for later preparations. 

Preparation of RNP—The RNP was purified as previously 
described for rat liver RNP (4, 8), except that the penicillin? was 
reduced to 10 units per ml of solution; one-tenth volume of 3% 
sodium deoxycholate was used, since this tumor has less endo- 
plasmic reticulum than liver (9); and the first high speed cen- 
trifugation was carried out at 78,000 x g for 2} hours. The 
RNP was washed three times with 0.001 m potassium phosphate, 
pH 7.0, containing 0.0005 m MgCl, (4), or, in one experiment, 
0.00025 m MgCl.. The precipitation with barium acetate was 
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910, and by research grant CY 3190 from the National Cancer 
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1The abbreviations used are: RNP, ribonucleoprotein, and 
EDTA, ethylenediaminetetraacetic acid. 

? Penicillin G Potassium Squibb, 500,000 units, buffered with 
4.5% sodium citrate. A solution containing 10 units per ml con- 
tains 10-* citrate. 


omitted. The RNP concentration of the final solution was 
calculated from the absorbancy at 260 my. An extinction 
coefficient, Ei 7, of 144 was used. The average yield was about 
1 mg per g of tumor. 

Dialysis—Freshly prepared RNP was diluted to 4 mg per ml 
with the wash medium. Samples of 3 to 20 ml were dialyzed 
against liter volumes of cold buffers for 5days. The buffers were 
changed on the second or third day. Four types of buffers 
were used: pH 7.0 and low ionic strength, pH 7.0 and ionic 
strength 0.10, and pH 8.0 and ionic strengths of 0.10 or 0.20. 
For buffers containing less than 0.0005 m MgCl: glass-distilled 
water was used. 

The pH 7.0 and low ionic strength buffers contained 0.0005 u 
K:HPO,, 0.0005 m KH2PO,, 0 to 0.01 m MgCl, and 10 units of 
penicillin per ml. After 5 days the solutions were sampled for 
magnesium, RNA, and ultracentrifugal analysis. A portion of 
each was also centrifuged for 2 hours at 105,000 xX g. The 
upper 80% of the supernatant was removed. One-half milliliter 
was diluted to 2.5 ml and the completeness of removal of the RNP 
was checked by absorbancy at 260 mu. Two 2-ml samples were 
analyzed for magnesium, as described below. The buffer was 
also analyzed for magnesium. Some of the RNP pellets were re- 
suspended, and the solution used for an additional dialysis experi- 
ment in 0.002 m MgCle. 

Samples of RNP were also dialyzed against buffers at pH 7.0 
which contained 0.001 m potassium phosphate, from 0 to 0.002 
M MgCh, KCl to a total ionic strength of 0.10, and 10 units of 
penicillin per ml, and against buffers at pH 8.0 containing 0.02 
M KHCO;, 0 to 0.027 m MgCl, KCl to a total ionic strength of 
0.10 (0 to 0.08 m), or 0.20 (0.17 to 0.18 m), and 10 or 100 units 
of penicillin? per ml. With the bicarbonate buffers, the dialyses 
were carried out in liter bottles which were filled with buffer 
and tightly stoppered to prevent loss of CO. On the fifth day 
samples of the RNP solution were taken for magnesium and 
RNA determinations, for ultracentrifugal analysis, and, in some 
cases, for electrophoretic analysis. The buffer was analyzed for 
magnesium, 

Solubility—In one series of experiments samples of RNP were 
dialyzed against buffers containing 0.005 to 0.025 m MgCh. 


3 In the earlier experiments 100 units per ml were used. When 
the concentration was reduced to 10 units per ml no difference 
was apparent in either the stability or the magnesium binding 
at pH 8 and ionic strength 0.10. 
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The turbid solutions were thoroughly mixed, and samples were 
taken for magnesium and RNA analysis. The remainder of 
each solution was centrifuged for 30 minutes at 20,000 x g. 
One-half milliliter of the clear supernatant fluid was diluted to 
3 ml with the buffer, and its RNP concentration determined by 
ultraviolet absorption at 260 my, as described below. 

Magnesium was determined by the titan yellow method (10), 
modified only in that the scale was reduced to one-half, and the 
optical density was measured in a Beckman DU spectrophotome- 
ter at 550 mp. Each RNP sample and its supernatant fluid or 
buffer were analyzed together, to reduce the error in the bound 
magnesium, which was calculated by difference. The results 
were expressed as equivalents of magnesium per mole of RNA 
phosphate (r). 

RNA—In all the experiments at pH 7.0 and 26 of those at 
pH 8.0, the RNA was extracted with hot 5% trichloroacetic 
acid (11). Samples of 1 ml of RNP, containing about 150 ug 
of RNA, were heated with 4 ml of 6.25% trichloroacetic acid at 
90° for 15 minutes, and the precipitate was centrifuged down and 
washed with 2 ml of 5% trichloroacetic acid. RNA was de- 
termined by the orcinol procedure (11). 

In 14 experiments at pH 8.0 in which no turbidity was present 
the ultraviolet absorption of the RNP at 260 my was also meas- 
ured. The extinction per ug of RNA ranged from 24.6-to 27.8. 
The mean, 26.64, was used to calculate the RNA concentration 
in 12 experiments at pH 8.0 in which the RNA was not deter- 
mined chemically. The ratio of the absorbancies at 260 and 235 
mp was also determined, to serve as a check on the purity of 
those preparations on which no electrophoretic analysis was done. 

Phosphorus—Two samples of RNP, about 3 mg each, were 
dialyzed against the bicarbonate-chloride buffer to remove inor- 
ganic phosphate, and extracted with hot 5% trichloroacetic acid 
as described above. Aliquots of the extracts were analyzed for 
RNA by the orcinol procedure, and for total phosphorus by the 
method of Fiske and SubbaRow (12). 

Nitrogen—Nitrogen was determined by a microprocedure in- 
volving nesslerization (13). 

Deoxycholate—Deoxycholate was determined by the method 
of Kier (14), except that the 65% H2SO, solution was heated for 
15 minutes at 60°, and the optical density read at 385 mu, as 
suggested by Mosbach et al. (15). With this method, a recovery 
of about 80% was obtained when 50 yg of sodium deoxycholate 
were added to 10 mg of bovine serum albumin. 

Electrophoresis—Analyses were made in the buffers at pH 8.0 
and ionic strength 0.10. A 2-ml cell was used, with a potential 
gradient of 3.7 volts per cm. Pictures were taken at 30, 60, 90, 
and 120 minutes, or at 30, 75, and 120 minutes, with a camera 
to knife edge ratio of 6:1. Since the RNP boundaries were 
slightly asymmetrical, the centroidal ordinates were used in 
calculating mobilities. The conductivity used was that of the 
final dialysate, measured at 0°. 

Ultracentrifugation—Ultracentrifugal analysis was carried out 
in a Spinco model E ultracentrifuge equipped with the RTIC 
temperature-control unit. In analyses at 3 to 9° pictures were 
taken at 4-minute intervals at 42,040 r.p.m. or at 8-minute 
intervals at 33,450 r.p.m. At 25° pictures were taken at 4- 
minute intervals at 37,020 r.p.m. For the calculation of 80,., 
the density of the RNP was assumed to be 1.52, the value found 
for the anhydrous density of liver RNP.‘ Since both of these 


‘Mary G. Hamilton, personal communication. 
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RNPs are probably hydrated to 200 or 300%, like the similar 
RNPs of reticulocytes (16) and pea seedlings (3), their hydrated 
densities may be closer to 1.2. This would make their corrected 
sedimentation coefficients about 2% higher than the values re- 
ported here and elsewhere (4). 


RESULTS 


Eighteen different RNP preparations were used for the mag- 
nesium-binding studies. Of these, seven were checked for purity 
by electrophoretic analysis at pH 8.0 and ionic strength 0.10. 
When the buffer contained 0.0007 m or more MgCl, the pattern 
showed a single large RNP boundary, with only about 5% of 
free protein, as shown in Fig. 1-J. In buffer containing less 
than 0.0007 m MgCl, some dissociation occurred; from 3 to 8% 
of free RNA appeared, and the concentration of free protein 
showed a corresponding increase, as shown in Fig. 1-7. These 
seven preparations had ratios of ultraviolet absorption at 260 
to 235 my of about 1.5. The other eleven preparations showed 
similar ratios, and were assumed to be of equal purity. 

Chemical Analyses—The purified RNP contained 3.3 mg of 
RNA per mg of nitrogen, indicating that it contained approxi- 
mately equal weights of RNA and protein. The RNA contained 
9.6% of phosphorus by weight. No deoxycholate could be 
detected. The magnesium content varied with the ionic en- 
vironment, as described below. 

Ultracentrifugal Analysis—The sarcoma RNP, like that of rat 
liver, can exist in a number of states, depending on its ionic 
environment. Since the sedimentation coefficients of these com- 
ponents are strongly dependent on concentration, they have 
been identified by letters (4). For the principal component, B, 
a regression line was calculated from 7 analyses made at room 
temperature and 8 made at 3 to 9°, in buffers at an ionic strength 
of 0.10, in which the percentage of components slower than B 
varied from 5 to 18%. The resulting equation was s%, = 
82.5 — 23.8 ¢ where c is the concentration, in g per 100 ml, of 
B plus the slower components. B will be referred to as the 83S 
component. The approximate sedimentation coefficients of the 
other components were A”, 8%, = 1508; A’, 122 S; A, 110 §; 
C, 60 8; D, 55 S; and F, 27 S. 
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Fig. 1. Electrophoretic patterns of sarcoma RNP, 4 mg per 
ml, dialyzed for 5 days against buffers at pH 8.0 and ionic strength 
0.10. I, in 0.02 m KHCOs,, 0.0755 m KCl, and 0.0015 m MgCl, 
r (see text) = 0.38, chiefly in 83 S form; II, in 0.02 m KHCO, 
and 0.08 m KCl, no MgCl, all 55 S or slower. Pictures taken 
after 90 minutes at 3.7 volts per cm. 
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Fic. 2. Ultracentrifugal patterns of solutions containing 4 mg 
of RNP per ml, in 0.001 m potassium phosphate at pH 7.0, with 
molarities of magnesium chloride, r values (see text), and phase- 
plate angles, as shown. All at 4°. The center pattern in the 
top row shows freshly prepared RNP. All the other patterns 
show RNP which had been dialyzed for 5 days. All after 18 
minutes at 42,040 r.p.m., except the lower left pattern, which 
shows RNP (freed of magnesium by dialysis against buffer con- 
taining 0.001 m EDTA) after 46 minutes at 42,040 r.p.m. 
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Fig. 3. Ultrac,entrifugal patterns of solutions containing 4 mg 
of RNP per ms dialyzed against buffers at ionic strength 0.10, 
with molaritiel of MgCle, r values (see text), and phase-plate 
angles, as shown. All after 14 minutes at 42,040 r.p.m. and 3 
to 9°. Top row, in 0.001 m potassium phosphate and 0.091 to 
.0096 m KCl at pH 7.0; middle and bottom rows, in 0.02 m KHCO; 
and 0.071 to 0.080 m KCl, at pH 8.0. 


The freshly prepared RNP, at pH 7.0 in 0.001 m phosphate 
buffer containing 0.0005 m MgCl, was chiefly in the 83 S form, 
with small amounts of 122 S and 60 S, as shown in Fig. 2. The 
one preparation washed with buffer containing 0.00025 m MgCl. 
showed the same pattern. Some of the patterns obtained after 
dialysis for 5 days against similar phosphate buffers containing 
various concentrations of MgCl: are also shown in Fig. 2. In 
0.0005 m MgCl. the RNP remained in the 83 S form, and showed 
very little change during the 5-day period. In 0.0001 m MgCl, 
it was still in the 83 S form, and still contained magnesium, as 
discussed below. Attempts to remove the magnesium by dialysis 
against 0.001 m phosphate alone were unsuccessful. When 
0.001 m EDTA was added to the phosphate, however, the mag- 
nesium was completely removed from the RNP, and dissociation 
occurred, as shown in Fig.2. The RNP sedimented very slowly, 
with s2,~ = 8.98. After the addition of 0.1 m KCl, to neutralize 
charge effects, the sedimentation coefficient increased to 47 §S, 
the usual value found for the 55 S component at this concentra- 
tion, and the pattern resembled those obtained after dialysis 
against magnesium-free buffers at ionic strength 0.10 (see Fig. 3). 
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When the magnesium concentration was increased from 0.0005 
to 0.0007 m the RNP remained in the 83 S form. In 0.002 » 
MgCl, some association to the 122 S form occurred, but the 
principal effect was the formation of very rapidly sedimenting 
aggregates, so that both the 122 S and 83 S boundaries were very 
small. When the MgCl, was increased to 0.005 m only traces 
of RNP remained in solution, and at higher magnesium concen- 
trations, 0.01 m or above, it was completely precipitated. 

The patterns shown in Fig. 3 were obtained on RNP which had 
been dialyzed for 5 days against buffers at pH 7.0 and 8.0, ionic 
strength 0.10, containing various concentrations of MgCl. At 
pH 7.0 and 0.001 m MgCl, the RNP remained chiefly in the 83 § 
form, with a small amount of 60 S. At low magnesium con- 
centrations dissociation occurred, and dialysis against magne- 
sium-free buffer easily removed all the magnesium and converted 
the RNP to the 55 S or slower forms. In 0.002 or 0.003 mu 
MgCl, there was association to the 122 S form and aggregation. 
At 0.01 m or above the RNP was completely precipitated. 

At pH 8.0 and 0.001 m MgCl, the RNP remained chiefly in 
the 83 S form, as shown in Fig. 3. In buffers of lower magnesium 
content it was partially dissociated, and in the complete absence 
of magnesium it was completely converted to the 55 S or slower 
forms. In buffers of high magnesium content the RNP was 
more soluble than at pH 7.0. Marked association to 122 § 
occurred and traces of 150 S appeared, as shown in Fig. 3. 
Aggregation occurred above 0.004 m MgCl, and the RNP was 
completely precipitated at 0.015 m. The four patterns obtained 
on RNP dialyzed at pH 8.0 and ionic strength 0.20 resembled 
the patterns seen at pH 7.0 and ionic strength 0.10, except at the 
lowest magnesium concentration, where there was less dissocia- 
tion. 

Magnesium Binding—In the dialysis experiments at pH 7.0 
in 0.001 m phosphate the magnitude of the Donnan effect was 
checked experimentally by analyzing the supernatant fluids from 
which the RNP had been removed by centrifugation. As meas- 
ured by absorbancy at 260 my, less than one percent of the RNP 
remained in the supernatant fluids. For buffers containing from 
2.4 to 47 ug of magnesium per ml (0.0001 to 0.0019 m), the mag- 
nesium in the supernatant fluids ranged from 0 to 0.9, with an 
average of 0.4 ug, higher than that in the buffers. The analytical 
values obtained on the supernatant fluids were used in the 
calculations. Since most of the magnesium is probably bound 
to RNA phosphate (3), the results in Fig. 4 have been plotted 
with equivalents of bound magnesium per mole of phosphate (r) 
as the ordinate, and the logarithm of the normality of the free 
magnesium as the abscissa (17). In 0.001 m phosphate at pH 
7.0 there was good agreement between the magnesium content of 
the freshly prepared RNP and that of samples which had been 
dialyzed for 5 days, at both 0.00025 and 0.0005 m MgCle. The 
magnesium was bound very tightly, and remained high even at 
very low magnesium concentrations; it was completely removed 
only when 0.001 m EDTA was added to the phosphate buffer. 
At magnesium concentrations of 0.005 m or greater, the errors in 
estimating bound magnesium became very large, and an ap- 
proach to saturation could not be shown. 

Since the effect of the Donnan equilibrium was so small at low 
ionic strength, it should be negligible at an ionic strength of 0.10 
(18). The magnesium concentrations of the buffers were there- 
fore used for the free magnesium. At pH 7.0 and ionic strength 
0.10 the magnesium was bound less strongly than in 0.001 M 
phosphate (Fig. 4). It was completely removed by dialysis 
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against magnesium-free buffer, with dissociation of the RNP to 
the 55 S form. The 55 S form predominated up to r = 0.20. 
The 83 S form predominated only between r = 0.20 and 0.25; 
atr = 0.27 the principal component was 122 S, and by r = 0.35 
precipitation was complete. 

When the RNP was dialyzed against buffer containing 0.02 
u KHCO; and 0.08 m KCl, at pH 8.0, with no MgCl, all the 
magnesium was removed. The amounts bound in the presence 
of 0.0001 to 0.01 m MgCl, are shown in Fig. 4. The samples 
dialyzed against buffers containing less than 0.0007 m Mg (r 
less than 0.28) contained from 3 to 8% free RNA, as described 
above. To check on the effect of this free RNA, one sample 
was divided into two portions, which were dialyzed for 5 and 
26 days against the usual buffer with 0.0002 m MgCl. The 5-day 
sample contained 3% free RNA. Although the 26-day sample 
was almost completely dissociated to free RNA and protein, as 
shown by electrophoretic analysis, the bound magnesium was 
only 10% higher than that of the 5-day sample (See Fig. 4). 
Thus the presence of only 3 to 8% of free RNA should not affect 
the magnesium binding significantly. 

At r = 0.21 or less the RNP was chiefly in the 55 S form. 
Between r = 0.25 and 0.39 the 83 S form predominated. From 
0.42 to 0.46 the 122 S form predominated. From 0.49 to 0.63 
there was increasing aggregation, and above 0.63 no RNP re- 
mained in solution. 

The magnesium binding at pH 8.0 and ionic strength 0.20 is 
also shown in Fig. 4. The curve was parallel to that found at 
ionic strength 0.10, but was moved to the right about 0.4 log, 
or a factor of 2.5. 

In Fig. 5 the ratio of r to free magnesium, r:N, is plotted 
against r, as suggested by Scatchard (19). With this type of 
plot a straight line is obtained when electrostatic effects are 
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Fig. 4. The binding of magnesium by RNP. A = RNP chiefly 
in the 55 S form; @ = chiefly 83 S; @ = chiefly 122 S; X = ag- 
gregated and precipitated RNP. © = freshly prepared RNP; 
@ = RNP dialyzed 26 days, chiefly free RNA and free protein 
(see text); all other samples were dialyzed 5 days. [J = RNP 
dialyzed twice (see text); 4, @ = ionic strength 0.20. For 
points in 0.004 N MgCl. or above the errors resulting from 2% 
errors in the total and free magnesium are shown. 
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Fie. 5. The binding of magnesium by RNP. The ordinates 
show r divided by the normality of free magnesium. A = 55 
S; @ = 83S; @ = 122S; X = aggregated and precipitated RNP. 
For half-open symbols, see Fig. 4. 
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Fig. 6. The electrophoretic mobility of RNP at pH 8.0 and 
ionic strength 0.10, in buffers containing 0.02 m KHCO;, 0.08 
to 0.071 m KCI, and 0 to 0.003 m MgCh. A = 55S; @ = 8358; 
and @ = 1228S. Left, the effect of magnesium binding. A linear 
relationship, as shown by the solid line, is found only for the 
83 S form. The dash line shows extrapolation to theoretical mo- 
bilities for 83 S at higher and lower values of r. Right, the effect 
of dissociation to 55 S. The ordinate shows the ratio of the 
observed mobility to the theoretical mobility of 83 S at the same 
r value, and the abscissa shows the percent of dissociation to 
55 S or slower forms. 


absent and only one type of binding site is present. At pH 7.0 
both plots showed marked curvature. At pH 8.0 and ionic 
strength 0.1 the curvature was less, but still present. 
Electrophoretic M obility—The relationship between the electro- 
phoretic mobility and the magnesium binding is shown in Fig. 6. 
Between r = 0.38 and r = 0.28, where the RNP was chiefly in 
the 83 S form, the mobility increased linearly as the amount of 
bound magnesium decreased. This might be expected if the 
magnesium was bound to negatively charged groups, presumably 
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phosphate, on the surface of the RNP. Below r = 0.28 the 
mobility changed in a more complex fashion, showing a decrease 
as more phosphate groups were uncovered. Since the mobility 
depends on the ratio of electrical charge to frictional coefficient 
(20), it seems reasonable to suppose that the dissociation to the 
55 S form resulted in an increase in the frictional coefficient which 
was greater than the increase in negative charge, so that the 
mobility was reduced. If the change in electrical charge is as- 
sumed to be a linear function of r at values below 0.28, as shown 
by the dash line in Fig. 6, the observed mobilities can be com- 
pared with the theoretical mobilities obtained by extrapolation. 
The results of such a calculation are shown in Fig. 6, plotted 
against the percent of dissociation to components slower than 
83S. A fairly consistent relationship was obtained. Atr = 0, 
where the RNP was all in the 55 S or slower forms, the mobility 
was only two-thirds of the calculated value. In the two experi- 
ments shown in Fig. 6 in which the RNP was chiefly in the 122 
S form the mobilities were about 13% higher than would be 
predicted from the line. This may have resulted from a reduc- 
tion in frictional drag on association to the 122 S form. A simi- 
lar effect has been noted for the protein of tobacco mosaic virus 
(21). 


DISCUSSION 


The ultracentrifugal behavior of the Jensen sarcoma RNP 
resembles that of yeast (1), pea-seedling (3), and liver (4) RNPs, 
in showing an ‘80 S” component which can associate or disso- 
ciate in response to changes in the magnesium concentration of 
the solvent. It differs from rat liver RNP, however, in associat- 
ing chiefly to a 122 S form, with only small amounts of 110 §, 
and dissociating to a 55 S form instead of 47S. The 60S com- 
ponent that is so prominent in crude extracts of Jensen sarcoma 
at pH 8.6 (7) is found only in small amounts in these prepara- 
tions. 

At constant pH and ionic strength these association-dissocia- 
tion reactions are closely correlated with the extent of mag- 
nesium binding. At pH 7 and low ionic strength the RNP 
remains in the 83 S form over a wide range of magnesium concen- 
trations, and the magnesium binding is very tight. Saturation 
could not be demonstrated either directly or by extrapolation 
of the binding curves. The highest r value observed, 0.95, 
approaches the ratio of 1 found for RNA (23) and polyadenylic 
acid (24). High concentrations of magnesium, 0.7 and 0.6 
equivalent of Mg per mole of RNA phosphate, have been found 
in pea-seedling RNP washed with water (3) and in reticulocyte 
RNP.® 

At pH 7 and ionic strength 0.10 the magnesium is bound 
much less tightly and the binding curve has a much smaller 
slope. This is in accord with the observation (4) that RNP is 
relatively insensitive to magnesium under these conditions. 

At pH 8.0 and ionic strength 0.10, in the presence of 0.02 m 
KHCO;,® the binding curve is steeper than at pH 7, and the 
RNP is more sensitive to magnesium, as shown for liver RNP 


5 TI. S. Edelman, P. O. P. Ts’o, and J. Vinograd, personal com- 
munication. 

6 Since the bicarbonate ion can compete with RNP for mag- 
nesium (4), the concentration of KHCO; was kept low. With 
a dissociation constant of 0.17 for magnesium bicarbonate (28) 
calculation shows that about 10% of the magnesium could be 
bound by bicarbonate. In one set of experiments in 0.001 m 
MgCl, where the bicarbonate concentration was varied from 0.01 
to 0.03 m, the decrease in magnesium binding was only 5%. 
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(4). At ionic strength 0.20 the binding curve has the same 
slope but the binding is weaker, as was to be expected. A 
similar competitive effect was found for sodium and magnesium 
ions on rat liver RNP (4). 

The plots of r:N against r, in Fig. 5, show pronounced curva- 
tures. One reason for this is electrostatic repulsion, which 
usuallv occurs in the binding of metals (18). A second possibility 
is the presence of more than one type of binding site (17). The 
principal sites appear to be the phosphodiester groups on the 
RNA (3, 23). (The fundamental RNA unit is a single chain of 
molecular weight about 120,000 (25), and thus contains about 
400 atoms of phosphorus, of which only one is primary). These 
RNP preparations must contain many different types of RNP, 
whose RNAs may differ in their affinity for magnesium. Other 
possible binding sites are the bases of the RNAs (26, 27) and the 
carboxyl groups of the proteins (18). The minimal amount of 
magnesium necessary to maintain the 83 S form appears to be 
about 0.3 equivalent per mole of phosphorus. If the particle 
weight of 83 S is about 4,000,000 (16), each unit would contain 
about 6,500 atoms of phosphorus, and about 1,000 atoms of 
magnesium. 

In earlier electrophoretic analyses of crude microsomal extracts 
of normal and leukemic mouse spleen and normal and regenerat- 
ing rat liver at pH 8.6 several RNP components, of varying mo- 
bilities, were observed (29). The most rapidly moving boundar- 
ies seemed to correspond to the ultracentrifugal 55 S and 47 § 
components, the intermediate boundaries to 83S, and the slowest 
to 60 S. The experiments described in this paper confirm the 
high mobility of 55 S, but the situation in regard to 60 S re- 
quires further study. 

The responses of RNP to changes in its ionic environment 
appear to be quite complex. Since changes in pH and ionic 
strength have such a pronounced effect on the degree of magne- 
sium binding, it is only by comparing RNPs at the same r values 
that other effects of pH and ionic strength can be evaluated. 


SUMMARY 


A purified ribonucleoprotein has been prepared from the cyt- 
oplasm of a rat tumor, the Jensen sarcoma. This substance 
undergoes association-dissociation reactions, in response to 
changes in pH, ionic strength, and the magnesium concentration 
of the solvent, which are similar to those of other ribonucleo- 
proteins of either plant or animal origin. 

Magnesium binding has been studied by the equilibrium dialy- 
sis method. The tightness of the binding is dependent on the 
pH and ionic strength of the solvent. For evaluation of other 
effects of pH and ionic strength the magnesium content of the 
ribonucleoprotein should be kept constant. 

At pH 8.0 and ionic strength 0.10 the electrophoretic mobility 
is a linear function of the bound magnesium only as long as the 
ribonucleoprotein remains in the 83 S form. When dissociation 
or association occurs, the changes in mobility become quite com- 
plex, suggesting that changes in electrical charge are being offset 
by changes in the frictional coefficient. 
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It has been known since the experiments of Kunitz and North- 
rop (1) that chymotrypsin loses its activity when heated to boil- 
ing in a weakly acid solution, and regains it on cooling. A simi- 
lar reactivation occurs when the enzyme, having been dissolved 
in a concentrated solution of urea, is diluted with water (2). Our 
laboratory has recently studied the dependence of such reactiva- 
tion upon the conditions of the experiment, notably the concen- 
tration of the protein, the pH of the system, and the absence of 
any considerable quantity of sulfate ion (3, 4). 

The effect of sulfate ion on the denaturation of certain proteins 
has been described before, notably by Kauzmann and co-workers 
(5-7) in the denaturation of ovalbumin by urea (and by guani- 
dine salts) ; also by Eisenberg and Schwert (8) in the denaturation 
of chymotrypsinogen by heating. The denaturation of oval- 
bumin was inhibited by sulfate, as evidenced by measurements 
of the optical rotation. However, the gelling time of solutions 
in urea was shortened in the presence of sulfate. In the case of 
chymotrypsinogen, sulfate produced an irreversible denaturation 
(as shown by the insolubility of the protein in buffered 1 m 
NaCl) under conditions in which the denaturation would have 
otherwise been reversible on cooling. It was also suggested that 
the bivalent condition of the sulfate ion might be involved in its 
tropic effect upon denaturation. 

Experiments in this laboratory with chymotrypsin have been 
based on the return of the esterolytic activity of the protein as a 
criterion of the extent of reversion to the native state after chill- 
ing a hot solution, or after the dilution of a solution in urea. A 
further study is reported here of the effect of sulfate and also of 
another anion, pyrophosphate,’ when present during the dilution 
of chymotrypsin in solutions of urea. 

It was found that an inactive protein could be precipitated 
from solution in urea by sodium sulfate, after the manner used 
by other workers to precipitate inactive chymotrypsin from hot 
aqueous solution. Inactive protein could also be precipitated by 
the addition of free sulfuric or free pyrophosphoric acid to a 
solution of chymotrypsin in urea after this had been diluted 10- 


* Journal Paper No. 1579 of the Purdue University Agricultural 
Experiment Station. 

t Collaborator with the Plant Enzyme Pioneering Research 
Laboratory, Western Regional Research Laboratory, United 
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1 The dissociation constants of the third and fourth hydrogens 
of pyrophosphoric acid are so small that it might almost be con- 
sidered a bivalent anion. 


fold with ethanol. (Ethanol itself causes no precipitation pro- 
vided the urea solution has been acidified with HCl.) Such 
inactive precipitates were sufficiently insoluble in water or etha- 
nol to permit of thorough washing. A return of esterolytic actiy- 
ity in these inactive precipitates was readily achieved by dissoly- 
ing them in a concentrated solution of urea (pH 3), which was 
then diluted 10-fold with water. 

In all cases the precipitates of inactive protein contained sul- 
fate or pyrophosphate, respectively, but in variable proportions 
depending upon the conditions of precipitation. Some of the 
anion appeared to be held firmly enough to resist extensive 
dialysis, but pyrophosphate was readily displaced by sulfate when 
the solid material was suspended in a dilute sulfate solution. 

It should be emphasized that these precipitation reactions are 
by no means confined to chymotrypsin. It is probable that 
many proteins behave similarly. 


EXPERIMENTAL PROCEDURE 


Materials and Methods 


The experiments with pyrophosphoric acid were performed 
with a commercial preparation (Worthington) of thrice-crystal- 
lized a-chymotrypsin. The experiments involving sulfate were 
performed with thrice-crystallized enzyme prepared (9) in the 
laboratory from chymotrypsinogen that had been crystallized 
nine times. A very thorough dialysis of the final crystalline 
product was made against 0.001 m HCl, followed by dialysis 
against water. The phosphorus content of chymotrypsin prep- 
arations has always been found to be extremely small. The 
last traces of soluble sulfate, however, were slowly removed. 

Urea and other chemicals were commercial preparations of 
reagent grade. S** was obtained in the form of carrier-free 
H.SO,. The samples were counted as thin films on glass planch- 
ets in a Nuclear D-47 Geiger tube fitted with a Micromil window. 
Samples from a given experiment were counted within a short 
time of each other to avoid the necessity of corrections for radio- 
active decay. The counting rates were at least 25 times the 
background. The standard error did not exceed 2%. 

Pyrophosphoric acid was freshly prepared in aqueous solution 
by treating a solution of the sodium salt twice with a considerable 
excess of Dowex 50-H. Thereafter, the solution was filtered 
through hard paper. No turbidity was formed when it was 
mixed with 20 volumes of 95% ethanol. 

Phosphorus was determined by the method of Fiske and Subba- 
Row (10) after the protein (about 5 mg) had been decomposed 
in hot sulfuric acid with the (later) addition of hydrogen peroxide. 
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The digestion mixture was then diluted with water and boiled 
for over 10 minutes to decompose any pyrophosphoric acid. 
Known quantities of P were recovered in the presence of 5 mg of 
chymotrypsin as follows: taken, (a) 31.0 ug, (b) 15.5 wg, (c) 12.4 
yg; P found, (a) 30.8 wg, (6) 15.7 ug, (c) 13.0 ug. 

Protein was estimated by biuret reagent (11) from a curve 
prepared with known amounts of the protein to be estimated. 

The esterolytic activity of the enzyme was measured with 
tyrosine ethyl ester (20 umoles in a volume of 3.0 ml at pH 6.25) 
in the microapparatus previously described (3). Specific activity 
is expressed as moles of titratable acid formed per g of enzyme 
per minute over the first 5 to 10 minutes of the test. 


Results 


Precipitation of Inactwe Chymotrypsin—When a-chymotrypsin 
was dissolved in a solution of urea (6 to 9 M) practically all of 
the original activity could be recovered by diluting the system 
to 10 times the original volume with water. This complete re- 
covery occurred only when the system was decidedly acid during 
the process of dilution. The recovery of activity from a solution 
of 100 mg per ml in 9 m urea was found to be 100% at pH 3.7 
(measured after dilution), 50% at pH 5.0, and only 20% at pH 
5.4. No loss of activity was caused by dissolving the enzyme 
in aqueous 9 M urea to which no acid had been added (such 
solutions usually gave an “apparent’” pH of about 5), provided 
that the system was acidified before it was diluted.2 It was 
therefore important in the experiments described below to work 
with acidified solutions of enzyme in urea. To this end sufficient 
2m HCl was always added to give an apparent pH of 3.0 to 3.2. 

When such a solution of chymotrypsin in 9 M urea was diluted 
10-fold with 1 m Na,SO, instead of with water, nearly all of the 
protein was precipitated. The precipitate was centrifuged down. 
The exposed surfaces of the precipitate and tube were rinsed with 
a little water and the precipitate then washed twice with water 
by suspending it in a volume equal to that of the original (diluted) 
system and again centrifuging down. A third washing was made 
likewise with 95% ethanol, after which the precipitate was sus- 
pended in ether, filtered out on paper, and dried in the air at 
room temperature. 

When an acidified solution of chymotrypsin in 9 mM urea was 
diluted 10-fold with 95% ethanol a clear solution resulted, stable 
for several days at room temperature. If, however, free sulfuric 
acid or pyrophosphoric acid was added to the urea solution before 
dilution with alcohol, nearly all of the protein was precipitated. 
The addition of either of these acids to the alcoholic dilution also 
caused precipitation of the protein. Precipitates from alcoholic 
solution were washed and dried as just described for the precipi- 
tate with NasSO,, except that 85% ethanol was used instead of 
water. 

Reactivation—The dried material prepared by any of the meth- 
ods described above proved to have no esterolytic activity. 
However, a very considerable return of activity could be ob- 
tained when the protein was redissolved in 9 M urea (25 mg per 


* As measured directly with a glass electrode. When possible, 
the pH was measured after dilution of the strong urea solution. 
However, at the acid pH levels used in this work there appeared to 
be only a small difference between the “‘apparent”’ pH of the con- 
centrated solution and the pH read after dilution. 

* After the enzyme had been allowed to stand in 9 m urea at an 
apparent pH of 11 for 10 minutes before HCI was added, one-third 
of the original activity reappeared on dilution. 
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Esterolytic activity of chymotrypsin after precipitation from 
solution in urea 





\Moles of anion 











Specific activity” 
Precipitant —s 7 Prem = 
chymotrypsin Original Reactivated 
% 
1 m NaSO, 68 0.026 0.014 
H.S80, 80 85 0.027 0.022 
5¢ 101 0.035 0.024 
H,P:0, 8 92 0.027 0.013 
None 0.035 0.025¢ 














* The molecular weight of a-chymotrypsin is arbitrarily taken 
as 25,000 throughout this paper. 

> This includes the weight of sulfate or pyrophosphate, which is 
not inconsiderable, as appears later. 

¢ Moles of NaOH per g of protein per minute required to main- 
tain pH 6.25 during the first 5 or 10 minutes of reaction of the en- 
zyme (approximately 20 to 100 ug) with 20 wmoles of tryosine 
ethyl ester in a volume of 3.0 ml at 25°. 

@H.SO, added after dilution with ethanol. 

¢ Alcoholic solution (after 24 hours at room temperature) made 
6 m with urea, then diluted again 10-fold with water. 





SOF 


30+ 


Reactivation 


20} 


Per Cent. 


Qrawcee 








L 

3 3 5 S. 7 8 9 
Urea Conc. M 

Fic. 1. Observed reactivation of the sulfate complex of chymo- 


trypsin and the concentration of urea employed for the solution of 
the inactive complex. 





ml) and the resulting solution then diluted 10-fold with water. 
After being allowed to stand for 5 or 10 minutes, aliquots of the 
dilutions were tested as usual. The results appear in Table I. 

It was of interest to see what effect lower concentrations of 
urea would have. Accordingly, portions of the material precipi- 
tated by Na»SO, (Table I) were dissolved in urea solutions of 
different concentrations (25 mg of protein per ml), and tested 
after having been diluted 10-fold with water. Fig. 1 shows the 
results. The dry protein dissolved easily in the urea solutions 
used, except that at 3 m. In this case the material was finely 
ground, but solution still required about an hour. One may con- 
clude that reactivation of the “denatured” protein does not occur 
unless the concentration of urea is high enough to have denatured 
the native protein in the first place.‘ 


4 It may also be noted that native chymotrypsin dissolved in 3 m 
urea is not precipitated by 1 m NaSQ,. 
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Pyrophosphate Content of Precipitated Protein—The precipita- 
tion of chymotrypsin by pyrophosphoric acid from alcoholic urea 
solutions offered an opportunity to see if the acid remained at- 
tached to the protein. To this end, known quantities of a freshly 
prepared solution of pyrophosphoric acid were added to the al- 
coholic solution (200 mg of a-chymotrypsin per ml of 9 m urea, 
apparent pH, 3.2; diluted 10-fold with 95% ethanol). The 
precipitate was collected, washed and dried as outlined above, 
then analyzed for phosphorus. 

A single addition of pyrophosphoric acid gave the results shown 
at the top of Table II. Consecutive additions, each followed by 
the removal of the precipitate that formed and its separate anal- 


TaBLe II 


Pyrophosphate content of precipitated chymotrypsin (12 umoles of 
a-chymotrypsin initially present in 10 ml of alcoholic 
urea solution) 



































Moles of P20; Moles P07 
gis Total Pir Fe ay pan ’ Protsin , Px0r, «lan mole of 
Traction ry ‘0 
som | inte | Hn presen (rad aa in ea 
| addition ered protein 
One addition of H4P20, 
| 94 7.8 97 68 5.5 
| 225 19.0 100 35 6.6 
Consecutive additions of H.P:01 
1 12 1.0 Noprecip- | No pre- 
itate cipi- 
tate 
2 24 2.0 Noprecip- | No pre- 
itate cipi- 
tate 
3 36 3.0 15 14 2.7 
4 48 4.2 79 61 3.1 
5 72 5.6 86 69 4.8 
Taste III 


Sulfate content of chymotrypsin precipitated in alcoholic urea 


In each test 50 mg of chymotrypsin (regarded as 2 umoles) 
were used. See text for details. 








HaSO« used (Moles Moles of SOs found 
of acid per mole of | Protein recovered SOx recovered per mole of recov- 
chymotrypsin) ered protein 
% % 

0.49 10 10 0.4 
1.0 56 50 0.9 
2.0 63 29 1.0 
5.0 101 90 4.5 
15.0 110 63 5.8 
20.0 97 41 8.4 














* Small gelatinous precipitate; allowed to stand 18 hours at 5° 
before centrifugation. 

» Precipitate was allowed to stand for 18 hours at 5° before cen- 
trifugation. A suitable aliquot of the suspension of washed ma- 
terial had no esterolytic activity, but when added to (acidified) 
9 m urea and then diluted with water, a specific activity of 0.024 
was observed for the protein. The activity of the native enzyme 
was 0.035. 
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ysis, gave the results shown in the lower pari of Table II. There 
appears to be a lower limit, about 3 moles of pyrophosphate per 
mole of protein below which precipitation of a complex did not 
occur, if it formed. There also appears to be an upper limit in 
the neighborhood of 7 moles of P,O; per mole of original protein, 
beyond which the protein does not readily accept (or at least 
does not retain) any further addition of pyrophosphate. There 
is, obviously, no evidence for the formation of any single stoichi- 
ometric compound. It will be shown below that the phosphorus 
was bound to the protein in the form of pyrophosphate, not of 
orthophosphate. 

However, under the conditions that obtain in the precipitation 
of the pyrophosphate complex by alcohol the P20; is not readily 
removed from protein. This was found by dissolving 25 mg of 
pyrophosphate protein that contained 6.6 wmoles of P.O; per 25 
mg (line 2 in Table II) in 1.0 ml of 9m urea (pH 2.8). Protein 
was then reprecipitated as before by dilution to 10 ml with etha- 
nol, washed with ethanol as usual, dried, and analyzed for phos- 
phorus. This procedure was also repeated, in the same fashion 
with the same material, except that 10 wmoles of H.SO, were 
added to the alcohol used for dilution. In the first instance the 
reprecipitated protein contained 6.9 umoles of P.O; per 25 mg of 
chymotrypsin; the recovery of protein was 74%. In the second 
instance the recovery of protein was 82%, but its pyrophosphate 
content had dropped to 5.3 moles of P.O; per 25 mg of protein. 
This suggests that sulfate may replace pyrophosphate even under 
conditions in which pyrophosphate is not set free by itself. 

Sulfate Content of Precipitated Protein—The results shown in 
Table III represent a series of individual experiments in each of 
which 50 mg of a-chymotrypsin (regarded as 2 umoles) was dis- 
solved in 0.5 ml of 9m urea. The solutions were brought to pH 
3.0 to 3.2 by the addition of a predetermined quantity of HCl. 
An amount of labeled 0.4 m H.SO, was then added to each solu- 
tion, which depended on the ratio of SO, to protein that was 
desired. For low ratios of acid to protein highly radioactive 
acid was required; the 0.4 m acid used gave 475 X 10° c.p.m. per 
pmole of HSO,. When large additions were required, the acid 
used showed 43 x 10* c.p.m. per umole of H.SO,. 

After addition of H,SO, to the urea solution it was diluted to 
6 ml with 95% ethanol, then centrifuged and washed as usual; 
but instead of being filtered out and dried, the precipitate was 
resuspended in enough 40% ethanol to give a total volume of 
5.0 ml. Aliquots of this suspension (usually 1.0 ml) were mixed 
with biuret reagent for the estimation of the protein present. 
Thereafter small aliquots, chosen to contain between 0.25 mg and 
0.75 mg of protein, were removed and dried on planchets for 
counting. 

As with pyrophosphoric acid, there is no evidence for the 
formation of a stoichiometric compound. The precipitate is less 
soluble than that formed by pyrophosphoric acid. No lower 
limit of SO, concentration was reached below which precipitation 
did not occur. A top limit for the amount of SO, bound by the 
protein may possibly have been reached. If so, it is about the 
same as that for H4P:0;. 

The foregoing results, it should be noted, were obtained with 
both acids in alcoholic solutions, in which it appears that the 
complex with pyrophosphate possesses considerably more stabil- 
ity than in an aqueous medium. 

Loss of Sulfate and Pyrophosphate in Aqueous Media—The 
pyrophosphate and sulfate complexes were made and washed as 
described. Known quantities were suspended in small cello- 
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phane dialysis bags (toluene present) and dialyzed against HCl, 

dilute H2SO., or HCl plus Na,SO, as detailed in Table IV. The 
bags were kept at 5° and thoroughly shaken four times daily to 
resuspend the solid material. At intervals small aliquots of the 
diffusate (0.10 to 0.20 ml) were removed for the respective de- 
termination of P or S**. The results shown are calculated from 
the amounts found in the diffusate (and include a small correction 
for previous withdrawals of solution). They involve the assump- 
tion that the concentration of diffusible material is essentially 
the same on both sides of the membrane. It may be noted from 
the table that such calculated results agreed quite well with 
direct determinations made on the solid material left in the bag 
at the end of the experiment. There was, moreover, no appre- 
ciable loss of protein by diffusion through the membrane. 

The final diffusate from the pyrophosphate-protein complex 
was tested for orthophosphate by the molybdate reagent. No 
orthophosphate was found until the solution had been heated 
with acid to decompose the pyrophosphate present. It is thus 
evident that the phosphorus of the protein complex existed as 
pyrophosphate, after coming into free solution. 

The results summarized in Table IV also show that sulfate ion 
caused a rapid removal of P.O; from the protein. The presence 
of sulfate ion also caused a replacement of the sulfate red 
present in the protein. 

Attention may be called to the fact that the outward diffusion 
of P.O; (in the absence of sulfate) and that SO, (in either case) 
soon becomes very slow. Moreover, the diffusion of the anion 
originally attached to the protein slows down at levels which do 
bear apparent stoichiometric relations to the proteins; 4 equiv- 
alents of PO; and 3 equivalents of SO, remained after dialysis 
against HCl; whereas 1.5 equivalents of SO, (i.e. half the previous 
quantity) did not exchange at an appreciable rate with SO, ion. 
This may indicate the existence of stable complexes of definite 
composition. On the other hand, we are dealing with a two- 
phase system. The first (rapid) diffusion may occur from the ex- 
terior of the particles and the second (very slow) diffusion from 
their interior. This seems the more probable course of events. 

That an actual exchange of sulfate for pyrophosphate occurred 
in the protein was shown by an experiment similar to the fore- 
going, in which a pyrophosphate-chymotrypsin complex was 
finely powdered, suspended in water, and dialyzed against water 
containing a small amount of radioactive sulfuric acid. The 
removal of sulfate from solution and the liberation of pyrophos- 
phate are shown in Table V. It may be noted that the amount 
of pyrophosphate liberated is greater than the equivalent of sul- 
fate that replaces it, a fact which speaks against a stoichiometric 
relationship being involved. 

An attempt was also made to find out whether sulfate became 
attached to chymotrypsin while the latter was dissolved in strong 
urea solution, or whether the complex was formed only during 
the process of dilution (when the enzyme in the absence of sul- 
fate would regain its activity). To this end chymotrypsin was 
dissolved in 6 m urea (pH 3.0) and dialyzed against 6 m urea con- 
taining a small amount of sulfuric acid. The results (shown in 
Table VI) were not very satisfactory;> nevertheless it appears 
that a small fixation of sulfate occurred in the urea solution. The 
fact that the formation of a complex is more complete when the 


5In part at least, owing to difficulty in counting. Crystals 
formed when the solutions containing urea were evaporated, thus 
forming an uneven and somewhat corrugated surface. 
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TaBLe IV 
Loss of pyrophosphate and sulfate from their respective 
complexes during dialysis 

1. Loss of pyrophosphate—Fifty-mg portions of a pyrophosphate 
complex were suspended in 2.0 ml of water, dialyzed against (a) 
8.0 ml of 0.001 m HCl, and (6) against 8.0 ml of 0.001 M HCl, 0.005 
M Na.SO,. The composition of the residue was calculated from 
measurements on the diffusate. 

2. Exchange of sulfate—Twenty-mg portions of an S*5-labeled 
sulfate complex were suspended in 2.0 ml of water dialyzed against 
(a) 8.0 ml of 0.010 m HCl, and (6) against 0.005 m unlabeled H.SO,. 
Composition of the residue was calculated from the amount of 
SO, found to have diffused. 





Loss of Pyrophosphate 



































(a) (6) 
Composition of Composition of 
Days Loss of P "of Pion per as. Loss of P| Tes Pir per 28° 
mg of protein) mg of protein) 
% % 
0 (0) 5.7 (0) 5.7 
1 30 4.0 82 1.0 
2 30 4.0 89 0.6 
3 32 3.9 91 0.5 
4 100 0 
Exchange of Sulfate 
(a) (6) 
Composition of se Original SOs 
Hours Loss of SOs — =e 8 |Loss too proteins Camels 
mg of protein) Poole phon aft 
% % 
0 (0) 4.3 (0) 4.3 
18 26 3.2 50 2.1 
25 27 3.1 58 1.8 
42 33 2.9 65 1.5 
66 38 Se 64 1.5f 

















* Protein recovered from the dialysis bag amounted to 20.8 mg 
(104%) ; 0.19 mg of this protein gave 735 c.p.m., equal to 2.5 umoles 
of SO, per 25 mg of protein. 

+ Protein recovered from the dialysis bag amounted to 21.0 mg 
(105%), 0.155 mg of which gave 330 c.p.m., indicating a composi- 
tion of 1.3 wmoles of the original SO, per 25 mg of protein. 


solution is diluted with water or alcohol can be explained by 
the insolubility of the complex in the diluted medium. 

Behavior of Other, Proteins with SO<—Chymotrypsin is by no 
means unique in being precipitated by sulfuric acid from alcoholic 
solution. A number of other proteins behaved in a similar 
fashion, therefore it was impractical to study them all in detail. 
Crystallized specimens of three well studied proteins were ex- 
amined briefly in order to see if sulfate was included in the pre- 
cipitated protein. This was found to be the case, as shown in 
Table VII. The proteins (100 mg per ml) were dissolved in 9 
M urea; the system was acidified with HCl then diluted 10-fold 
with ethanol, as described for chymotrypsin. Radioactive sul- 
furic acid was then added to the clear alcoholic solution. The 
precipitate so obtained was washed and counted as before. The 
results are all reported on the same weight basis. The weight 








TaBLE V 
Absorption of sulfate by the pyrophosphate complex 


Fifty mg of chymotrypsin-pyrophosphate complex containing 
a total of 13.3 wmoles of P07, suspended in 2.0 ml of water, were 
dialyzed against 8.0 ml of water containing 20 wmoles of radioac- 
tive sulfuric acid. Details were as described in the text and in 
Table IV. 






































No. of days dialyzed 
Assay 
0 1 2 3 4 
SO, in free solution (total | (a) | (20.0)| 13.4) 13.3) 13.5) 11.9 
p»moles) (b) | (20.0) 10.4} 11.3) 11.6 
Absorption: 
pumoles of SO, per 25 mg of 4.1 
protein 
P.O; found in solution §.7 
(umoles per 25 mg of 
protein) 
TaBLe VI 


Fization of sulfate by chymotrypsin in 6 m urea 
Chymotrypsin (100 mg) dissolved in 6 m urea, pH 3.0, volume 
2.0 ml, was dialyzed against 8.0 ml of the same urea solution con- 
taining 20 wmoles of radioactive sulfuric acid. Details are as 
described in the text. 





No. of days dialyzed 














Assay* 
0 1 2 3 4 
pmoles of SO, in free solu- | (a) | (20.0)| 17.1) 17.8) 18.6) 16.6 
tion (b) | (20.0) 15.5} 17.1) 16.2 
Calculated fixation (umoles 0.9 
of SO, per 25 mg of pro- 
tein) 



































* (a) and (b) are duplicate assays on the same solution. 
Footnote 5. 


See 














TasLe VII 
Behavior of three other proteins with SO, 
B: Radio- | 5 
Protein | SOvadded | G8 | activity of | Eg | SOucontentof 
= protein Qe 
Ay a 
les /25 -p.m./mg X les of SOs/25 
epgiaisat | m |<tmyise™| 9 | mmieaal Soules 
Bacterial amyl- 10 90 17.0 10.3 
ase* 93 
Bovine serum 5 7 14.7 12 8.9 
albumint 6.3 24 15.8 37 9.7 
Papaint 10 90 y a | 39 4.3 




















* We are indebted to Nagase and Company, Osaka, Japan, for 
this highly purified and crystallized material, the source of which 
is a variety of Bacillus subtilis. 

¢ Armour and Company (crystallized product). 

¢t Made from dried latex by the method of Kimmel and Smith 
(12), twice crystallized. 


Precipitation of Denatured Chymotrypsin 


of protein recovered was estimated with the biuret reagent, cali- 
brated, of course, for the respective protein. 


DISCUSSION 


Perhaps the most interesting outcome of this work is that it 
seems to typify a reaction that is predominantly, if not exclu- 
sively, characteristic of the denatured protein. No definite 
stoichiometry seems to be involved, yet the results do recall 
previous suggestions that bivalent anions may play a particular 
role in the aggregation of denatured proteins. It would be inter- 
esting if the “active center” of chymotrypsin were implicated in 
this behavior, but there is no evidence of this. On the other 
hand, it is fairly obvious that the configuration responsible for 
enzymic activity is to some extent protected against harsh treat- 
ment. 

The complexes described here may very well be examples of 
what have been termed “inclusion compounds” (13). Such 
complexes have been fairly well characterized in some cases (such 
as those between urea and long chain hydrocarbons), but, accord- 
ing to this author, it has proved difficult to study anything 
comparable in the case of proteins. The materials presently 
described may possibly be of use in studying the behavior 
(although hardly the configuration) of a protein adduct. 


SUMMARY 


When a solution of chymotrypsin in 9 m urea is diluted 10- | 
fold with molar sodium sulfate, a complex of denatured chymo- 
trypsin is precipitated. A similar insoluble complex is obtained 
when the urea solution contains a relatively small quantity of 
sulfuric or of pyrophosphoric acid and dilution is made with 
ethanol. 

The amount of sulfate or pyrophosphate found in the protein 
varies with the quantity present at the time of precipitation and 
with the conditions. There is no evidence for the existence of a | 
stoichiometric compound. Moreover, several other proteins give | 
similar precipitates under like conditions with sulfuric acid. Sul- 
fate held by the protein may exchange with sulfate ion in the 
surrounding solution. Sulfate in solution also rapidly replaces 
pyrophosphate in the pyrophosphate complex. 

The chymotryptic complexes show no enzymic activity, but 
the acidified solution recovers a substantial fraction of the origi- 
nal activity when heated briefly, or when made 6 m with respect 
to urea and thereafter diluted with water. 
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The Synthesis of Glycyl-.-histidy]-1-phenylalany]-.-arginy1-1- 
tryptophyl-glycine and Its Melanocyte-stimulating Activity 
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Recent work (1-3) on the synthesis of peptides composed of 
amino acid sequences that appear in both the adrenocorticotro- 
pins and the melanotropins has revealed that melanocyte-stimu- 
lating activity is enhanced as the length of the peptide chain 
increases (4). It was shown that the hexapeptide L-glutamy]l-t- 
histidyl-t-phenylalanyl-L-arginyl-L-tryptophyl-glycine possesses 
an activity almost 10 times higher than that of the pentapeptide 
from which the NH--terminal glutamyl] residue is absent (2). 
The question arose whether this increase in biological activity is 
due specifically to the presence of the glutamy] residue itself or 
merely to the added length of peptide chain. We decided, there- 
fore, to synthesize the hexapeptide with glycine at the N-termi- 
nus instead of glutamic acid. It will be seen herein that this 
substitution results in no alteration of melanocyte-stimulating 
activity. 

The synthesis of glycyl-t-histidyl-L-phenylalany]-L-arginyl-t- 
tryptophyl-glycine was accomplished by coupling the tripeptide 
derivative, G-tosyl-L-arginyl-L-tryptophyl-glycine methyl ester 
(5), with another tripeptide derivative, carbobenzoxyglycyl-t- 
histidyl-L-phenylalanine. The latter was obtained from the 
reaction of carbobenzoxyglycyl-t-histidine azide (6) with the 
methyl ester of t-phenylalanine (7). The azide coupling was 
not satisfactory because of poor solubility, and the yield was low; 
however, when the tripeptide ester was saponified, the derivative 
desired for the final coupling was obtained. The blocked hexa- 
peptide did not crystallize; saponification yielded an amorphous 
product, carbobenzoxyglycyl-t-histidyl-L-phenylalanyl-L-arginyl- 
L-tryptophyl-glycine, which was then subjected to reduction 
with sodium in liquid ammonia (8). The free hexapeptide was 
desalted on an Amberlite IRC-50 (XE-64) ion exchange column, 
as previously described (9), and lyophylized. 

The content of tryptophan in the peptide was estimated spec- 
trophotometrically (10), and the other amino acids were deter- 
mined by the method of Levy (11); these analyses gave molar 
ratios for glycine-histidine-phenylalanine-arginine-tryptophan of 
2.0:1.1:0.8:0.9:1.0. Chymotryptic digestion of the peptide 
gave rise to three fragments which were identified as glycyl- 
histidyl-phenylalanine, arginyl-tryptophan, and glycine, where- 
as digestion with trypsin liberated two fragments, glycyl-histidyl- 
phenylalanyl-arginine and tryptophyl-glycine.' The enzymic 
digestions were carried out at 35° for 24 hours with an enzyme- 
substrate ratio of 1:100 in a solution of pH 9; the separation and 


1 In paper chromatography carried out for 60 hours in the solvent 
system consisting of n-butanol-acetic acid-water (4:1:1), the Rr 
values, relative to the position of glycine on the chromatograms, 
for these various fragments were as follows: Gly. His. Phe, 1.45; 
Arg.Try, 1.58; Gly. His. Phe. Arg, 0.4; and Try.Gly, 2.8. 


identification of the hydrolytic products were achieved in the 
same manner as in previously reported studies (12). 

The hexapeptide was assayed for melanocyte-stimulating ac- 
tivity by the frog skin method in vitro (13), and on the basis of 
change in the melanophore index in hypophysectomized frogs 
(14). The results of these bioassays, summarized in Table I, 
indicate that the melanotropic acitivity of Gly-L-His-1-Phe-t- 
Arg-L-Try-Gly is not different from that exhibited by the 
glutamyl analogue. It is evident that glutamic acid can be 
replaced by glycine in the hexapeptide without alteration of the 
melanocyte-stimulating potency. These data clearly show that 
an increase in the length of the peptide chain from a pentapeptide 
to a hexapeptide results in enhancement of melanotropic potency. 


EXPERIMENTAL PROCEDURE 


All melting points are uncorrected. Elementary analyses 
were performed by the Microchemical Laboratory of the Depart- 
ment of Chemistry of this University. Paper chromatography 
was carried out on Whatman No. | filter paper at room tempera- 
ture; the solvents used were n-butanol-acetic acid-water in a 
ratio of 4:1:1 and sec-butanol-10% NH; in a ratio of 85:152 

Carbobenzoxyglycyl-x-histidyl-t-phenylalanine Methyl Ester— 
Carbobenzoxyglycyl-t-histidine hydrazide (6) in the amount of 
4g was dissolved in a mixture of 3 ml of concentrated hydrochlo- 
ric acid and 30-ml of water and converted to the azide form by 
means of reaction with a saturated aqueous solution consisting 
of 300 mg of NaNOz. The pH of this mixture was then adjusted 
to 9.5 by the addition of 5 m K.COs, and the oily azide was ex- 
tracted with four 80 ml portions each of ethyl acetate and chloro- 
form. The combined extracts were washed with 1 m NaHCO, 
and water, the washed extracts were dried with anhydrous 
NaSQ,, and a solution of L-phenylalanine methyl ester (7) in 
ethyl acetate was added. The reaction mixture was kept in the 
refrigerator for 24 hours and at room temperature for an addi- 
tional 24 hours. The resulting colorless crystals in a yield of 
1.55 g were then filtered off and washed with NaHCO; and water. 
An additional crop of 0.55 g of crystals was obtained when the 
mother liquor was processed. The crystals were combined and 
recrystalized several times from methanol in a yield of 1.9 g 
(33%); the melting point was 194-195°. 


CosH»NsO¢ (507.53) 
Calculated: C 61.52, H 5.76, N 13.80 
Found: C 61.27, H 5.57, N 13.49 

la] —11.0° (c 


2, in methanol) 





2 The former solvent system will be abbreviated throughout as 
as BAW, the latter, SBA. 
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Carbobenzoxyglycyl - x - histidyl - 1 - phenylalanine—The above 
ester, in the amount of 1.95 g, was dissolved in 60 ml of a 1:1 
mixture of ethanol and dioxane and kept at room temperature 
for 1.5 hours after the addition of 7 ml of 1m NaOH. The pH 
was adjusted to 5.3 by the addition of 1 m HCl, and the solvent 
was then removed under reduced pressure. The residue left 
after evaporation was dissolved in methanol, and water was 
added to this solution, whereupon a sirup precipitated. The 
sirup crystallized after tituration with acetone. The material 
was recrystallized from pyridine-methanol in a yield of 1.2 ¢g 
(64%); the melting point was 180-182° with decomposition. 


CosHaNsO¢ (453.51) 
Calculated: C 60.84, H 5.53, N 14.19 
Found: C 60.72, H 5.47, N 14.12 

[als 6.5° (c = 


{ 


1, in pyridine) 
In paper chromatography, Rr sna = 0.23 and Rr saw = 0.55. 
Carbobenzoxyglycyl-z-histidyl-t-phenylalanyl-G-tosyl -1 - arginyl- 

1-tryptophyl-glycine Methyl Ester—Carbobenzoxyglycyl-t-his- 
tidyl-t-phenylalanine (1165 mg) and the methyl ester of G- 
tosyl-L-arginyl-L-tryptophyl-glycine (1430 gm) (5) were dissolved 
in 50 ml of dimethylformamide. After the solution was cooled 
to 0°, 525 mg of dicyclohexylcarbodiimide (15) were added and 
the mixture was kept in the refrigerator for a week. The urea 
that formed (430 mg) was removed by filtration and the di- 
methylformamide was removed in a vacuum, and the residue 
was dissolved in ethyl acetate. The ethyl acetate solution was 
washed with dilute acetic acid, ammonia, and water. After 
evaporation of the ethyl acetate, the sirupy material was dis- 
solved in acetone and the insoluble urea was removed by filtra- 
tin. When the acetone was evaporated, the derivative was 
obtained in the form of a white amorphous powder. After the 
powder was washed thoroughly with absolute ether, it was dis- 
solved in acetone and again precipitated with ether. The yield 
was 1650 mg (65%); melting point was 124-127° with sintering 
from 120°. 


Cs2HeoN 120118 (1061.17) 
Calculated: C 58.85, H 5.70, N 15.84 
Found: C 58.77, H 6.04, N 15.51 
[a] ~18.2° (c = 1, in methanol) 

In paper chromatography, Rr sna = 0.92 and Rr saw = 0.83. 
Carbobenzoxyglycyl-t-histidyl-t-phenylalanyl-G-tosyl - 1 - arginyl- 
L-tryptophyl-glycine—The blocked hexapeptide ester (1.6 g) was 
dissolved in 60 ml of methanol, 3 ml of 1 m NaOH were added, 
and the solution was kept at room temperature for 90 minutes. 
The pH was then adjusted to 5.3 to 5.4 by the addition of 3 ml 
of 1 m HCl and the solvents were removed by distillation in a 
vacuum. The residue was washed well with much water and 
then dried over P.Os, to give a product which melted at 158-162°. 


After reprecipitation from methanol, the product, obtained in a 
yield of 1.1 g (70%), melted at 185-188° with sintering from 178°. 


CaHssNi20u8 (1047.14) 
Calculated: C 58.49, H 5.56, N 16.05 
Found: C 58.30, H 6.00, N 15.72 

[a]?> —13.8° (c = 2, in methanol) 


In paper chromatography, Rr sna = 0.30. 
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TaBLe I 
Melanotropic activity of synthetic peptides 
Melanocyte-stimulating 
activity 
Peptide 
Frog skin® Hypophy. 
frogs? 
units/g ug 
L-His-t-Phe-u-Arg-Lt-Try-Gly* 3.1 X 104 10 
L-Glu-t-His-t-Phe-t-Arg-L-Try-Gly?# 2.2 X 105 2 
Gly-u-His-t-Phe-L-Arg-t-Try-Gly 2.3 X 105 2 











* An average based on at least 3 assays; each assay was per- 
formed on 4 to 6 pieces of frog skin. 

> A single dose caused a change in melanophore index from 1+ 
to 3+ within 1 hour in hypophysectomized Rana pipiens. 

¢ For the synthesis, see (2). 

4 Synthesized by R. Schwyzer and H. Kappeler, 1958; we wish 
to thank these investigators for a gift of the peptide. 


Glycyl - 1 -histidyl-1 - phenylalanyl -1 -arginyl - 1 -tryptophyl - gly- 
cine—Carbobenzoxyglycyl -t-histidyl-L-phenylalanyl-G - tosyl- 
L-arginyl-L-tryptophyl-glycine (900 mg) was dissolved in 180 ml 
of liquid ammonia and small pieces of metallic sodium were added 
to this solution until the blue color persisted for 10 minutes. 
Then the excess sodium was destroyed by addition of ammonium 
acetate and the solvent was evaporated in a vacuum. The 
residue was dried over P.O; and dissolved in 0.5 m acetic acid, 
and the solution was filtered to remove some insoluble material. 
Desalting was accomplished by means of an XE-64 resin column 
(9) and the fractions containing the peptide were pooled and 
lyophilized. The yield was 550 mg (78%). Amino acid analy- 
sis gave molar ratios for glycine-histidine-phenylalanine-arginine- 
tryptophan of 2.0:1.1:0.8:0.9:1.0. For elementary analysis a 
sample was dried over PO; at 68°. 


CssHaeN i207 (758.83) 
Calculated: C 56.38, H 6.11, N 22.15 
CssHsN1207-3H20 (812.87) 
Calculated: C 53.19, H 6.45, N 20.65 
C 53.20, H 6.48, N 20.1 
[a]3* —19.5° (c = 1; 0.5 m NH,.OH) 


Found: 


SUMMARY 


Glycyl-u-histidyl -L- phenylalanyl- t - arginyl - - tryptophyl- 
glycine has been synthesized and its melanocyte-stimulating 
potency estimated by two assay procedures. It was found that 
the melanotropic activity of this hexapeptide is almost identical 
to that exhibited by t-glutamyl-t-histidyl-t-phenylalanyl-t- 
arginyl-L-tryptophyl-glycine. 
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Enzymes that catalyze the oxidation of amino acids have 
been found in microorganisms, mammals, and lower animals. 
As yet, few of these have been obtained in a state of high purity, 
and many studies on these enzymes have therefore been carried 
out with relatively crude preparations. The detailed mecha- 
nism of the flavoprotein-catalyzed oxidative deamination of 
amino acids remains to be elucidated, and it seems probable that 
studies with pure enzymes will be of value in this effort. In 
the course of investigations of this reaction, we have developed 
a procedure for the preparation of the L-amino acid oxidase of 
Crotalus adamanteus (eastern diamondback rattlesnake) venom 
in crystalline form (1,2). The present communication describes 
the preparation and some of the properties of the crystalline 
flavoprotein preparation, which are different from those reported 
earlier (3) for a highly purified but noncrystalline preparation of 
L-amino acid oxidase from the venom of Agkistrodon piscivorus 
piscivorus (cottonmouth moccasin). 


EXPERIMENTAL PROCEDURE 


Materials—Dehydrated Crotalus adamanteus venom and the 
other snake venoms were purchased from Ross Allen’s Reptile 
Institute, Silver Springs, Florida. Calcium phosphate gel was 
prepared according to Singer and Kearney (3). Flavin adenine 
dinucleotide was obtained from Schwarz BioResearch, Inc. 
Flavin mononucleotide was obtained from the Sigma Chemica! 
Company. The amino acids were obtained from Schwarz 
BioResearch, Inc. and the Nutritional Biochemical Corporation, 
or prepared in this laboratory. Crystalline beef liver catalase 
was obtained from Worthington Biochemicals, Inc. 

Determination of Enzyme Activity—.-Amino acid oxidase ac- 
tivity was determined manometrically in a Warburg apparatus 
at 38° with the use of air as the gas phase. The main compart- 
ment of the flask contained 1 ml of 2-amino-2-(hydroxymethy])- 
1,3-propanediol-HCl buffer (0.2 m, pH 7.8 at 23°), enzyme, 
1.69 ml of 0.1 m potassium chloride in a total volume of 2.79 ml. 
The side arm contained 0.21 ml of 0.1 m t-leucine; 0.05 ml of 
6 N sodium hydroxide was added to the center well. The flasks 
were tipped after a 10-minute equilibration period, and readings 
(started 5 minutes later) were made at 5-minute intervals for 
20 minutes, during which time the oxygen uptake was linear. 
The enzyme concentration was adjusted to yield an oxygen 
uptake of 2 to 6 wl per minute. A unit of enzyme is defined as 


* We are indebted to the National Science Foundation and to 
the National Institutes of Health of the Public Health Service, 
Department of Health, Education, and Welfare for generous 
support of this research. Preliminary reports of this work have 
appeared (1, 2). 

+ Predoctoral Research Fellow of the National Cancer Insti- 
tute, National Institutes of Health. 


the quantity of enzyme required to catalyze the uptake of 1 ul 
of oxygen in 30 minutes under the conditions given above. 
Specific activity is defined as units per ml divided by the absorb- 
ancy at 275 my (1 cm light path). 

The effluents of the cellulose electrophoresis and diethylamino- 
ethyl-cellulose columns were assayed for enzymatic activity by 
the following procedure, in which use was made of the high 
ultraviolet absorption of the borate-enolphenylpyruvate com- 
plex (4, 5). Reaction mixtures consisting of enzyme, L-phenyl- 
alanine (5 uwmoles), dialyzed crystalline beef liver catalase (30 
units), and 2-amino-2-(hydroxymethyl)-1 ,3-propanediol-HCl 
buffer, pH 7.8, (30 wmoles) in a final volume of 0.4 ml were shaken 
reciprocally (150 excursions per minute) in 10 X 100 mm test 
tubes at 38° for 30 minutes. The mixtures were treated succes- 
sively with 0.1 ml of 1 n HCl and 2.5 ml of a solution containing 1 
m boric acid and 2 M potassium arsenate (adjusted to pH 6.5 
with HCl). After standing for 30 minutes at 26°, the solutions 
were read against a blank in which L-phenylalanine was omitted. 
Deproteinization was not necessary because of the very low pro- 
tein concentrations used. 

Determination of Enzyme Concentration—Since the crystalline 
enzyme was insoluble in water, the weight of enzyme present in 
a solution of known absorbancy was determined by the following 
methods. (a) A known volume of a suspension of crystals in 
water was added to an equal volume of 0.1 M potassium chloride. 
After the crystals were dissolved, the absorbancy was determined 
in a Cary recording spectrophotometer. The solution was then 
evaporated in an oven at 110° for 3 hours, and the residue was 
placed in a desiccator over phosphorus pentoxide. After drying 
to constant weight, the known weight of potassium chloride 
present was subtracted in order to obtain the weight of the 
enzyme. (6) A solution of enzyme was dialyzed against buffer 
until equilibrium was reached. The absorbancy of the solution 
was determined, and an aliquot was then dried and weighed as 
above. The weight of protein was calculated by subtracting 
the weight of an equal volume of the dialysate dried in a similar 
manner. Close agreement was observed between the values 
obtained by these procedures. 

Ultracentrifugal Studies'\—These were carried out in a model 
E Spinco analytical ultracentrifuge equipped with schlieren optics 
and automatic rotor temperature control. Molecular weight 
determinations were carried out by the Archibald procedure 
according to Klainer and Kegeles (6), and also by the modifica- 
tion of this method described by Ehrenberg (7). 

Electrophoretic Studies—Free electrophoresis was carried out 


1 We thank Dr. Gerson Kegeles for assistance and advice in 
connection with the ultracentrifugal data, and Dr. M. 8. Nara- 
singa Rao for valuable help in some of the electrophoretic studies. 
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Fic. 1. Crystals of L-amino acid oxidase (magnified approxi- 
mately 500 times). 


TABLE I 


Crystallization of L-amino acid oxidase* 





Preparation I Preparation IT 





Fraction ye eee | Rtas wa Se 7 eee 

Total Specific r Total Specific | 

activity ontivlag Yield Pas a | bev ae | Yield 
Se ae il Cia Tw 
Original venom...| 350,000 270 | (100)| 471,000) 360 | (100) 
Step 1.. .| 362,000; 365 | 103 | 443,000) 530 94 
Step 2.. .| 244,000! 3120 70 | 391,000; 5070 | 88 
Step 3.. .| 243,000, 4430 69 | 388,000) 6050 | 82 
First crystals. | 144,000} 6900 | 41 | 338,000) 7630 | 72 
Second crystals...| 130,000; 6900 | 37 | 304 , 000) 7600 | 65 








* Dehydrated venom, 1 g, was used for Preparation I; 642 mg 
of venom were used in Preparation II; the values are given on 
the basis of 1 g of venom. The conditions of assay and the defi- 
nitions of units and specific activity are given in the text. 

Since protein is determined by absorbancy measurements at 
275 my, calculation of the quantity of enzyme in the original 
venom from its specfic activity may not be justified. However, 
from the absorbancy index, total activity, yield, and specific ac- 
tivity of crystalline enzyme, it was calculated that the dried 
venom contained about 2.8% (Preparation I) and 3.5% (Prepara- 
tion II) of L-amino acid oxidase. 


in a Perkin-Elmer model 38A Tiselius apparatus, with a 2-ml 
cell. At the end of the experiment, samples were carefully with- 
drawn from the cell with a syringe attached to a blunt 20-gauge 
hypodermic needle. Electrophoresis on a Munktell cellulose 
powder column (obtained from Grycksbo Pappersbruk, 
Grycksbo, Sweden), 35 X 0.9 cm, was carried out at 0° essentially 
as described (8),? with the use of 2-amino-2-(hydroxymethy]l)- 
1 ,3-propanediol-HCl buffer (0.1 mM, pH 7.2) and 750 volts for 
24 hours. After electrophoresis, the enzyme was eluted with 
buffer and collected in fractions of 0.5 ml. 


RESULTS 
Purification and Crystallization of Enzyme 


Step 1—Dried Crotalus adamanteus venom, 1 g, was dissolved 
in 100 ml of distilled water at room temperature (23°) in a 300- 


2 The authors thank Dr. Morris E. Friedkin for advice concern- 
ing the column electrophoresis procedure. 
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ml Erlenmeyer flask. Ten milliliters of 0.1 m L-leucine were added 
and the flask was immediately stoppered with a three-hole 
stopper fitted with a thermometer and glass tube, through which 
nitrogen was passed. The solution (under nitrogen) was then 
rapidly heated to 70°; this temperature was maintained for 5 
minutes, during which time the flask was gently shaken.? The 
solution was cooled in an ice bath, and the precipitated protein 
was removed by centrifugation (8000 x g for 10 minutes), and 
discarded. All of the subsequent steps were carried out between 
0° and 5°. 

Step 2—The supernatant solution from Step 1 (occasionally 
opalescent) was treated with 15 ml of calcium phosphate gel 
(dry weight, 27 mg per ml), and the pH was adjusted to 5.5 by 
dropwise addition (with stirring) of approximately 5 ml of 0.1 
nN HCl4 After standing for 30 minutes at 0° with occasional 
stirring, the suspension was centrifuged (4000 X g for 10 minutes) 
and the supernatant solution was discarded. The gel was 
washed twice by resuspension in 120 ml of cold distilled water 
followed by centrifugation at 4000 x g for 10 minutes. The 
washings, which contained no enzyme activity, were discarded. 
The gel was resuspended thoroughly with a glass homogenizer 
in 35 ml of 2.30 m (NH4)2SO, dissolved in 0.08 m sodium acetate 
buffer (pH 4.6). After standing for 1 hour with occasional 
stirring, the suspension was centrifuged (8000 x g for 10 min- 
utes), and the precipitate was discarded. 

Step 3—Solid (NH,4)2SO, (4.8 g) was dissolved in the clear 
yellow supernatant solution (34 ml) obtained in Step 2. After 
standing for 15 minutes at 0°, the enzyme was centrifuged (8000 
xX g for 15 minutes), and the colorless supernatant solution was 
discarded. The yellow precipitate was dissolved in 1 ml of cold 
distilled water. 

Step 4—The enzyme solution was placed in a cellophane 
dialysis sack, and dialyzed against 6 to 7 liters of cold (0°-5°) 
distilled water with continuous stirring. The water was changed 
after 3 hours of dialysis. Crystallization took place within 24 
hours. Recrystallization was carried out as follows. The crys- 
tals were dissolved in 1 ml of 0.1 M potassium chloride. Insoluble 
material, occasionally noted at this stage, was removed by centri- 
fugation, and the solution was dialyzed as described above. 
Crystallization usually began within 15 minutes, and was virtu- 
ally complete within 2 hours. The crystals of the enzyme ap- 
peared as long thin yellow needles (Fig. 1), which were easily 
visible under the low power of a standard microscope. 

Table I describes the purification of the enzyme from a batch 
of venom obtained by pooling the venoms of a number of snakes 
(Preparation I) and from a sample of venom extracted from a 
single snake (Preparation II). With different batches of venom, 
the yields of crystalline enzyme varied from 40 to 72%, and the 
specific activities of the crystals varied between 6400 and 7630. 
The first crystallization required more than 12 hours of dialysis, 
whereas recrystallization from 0.1 M potassium chloride always 
occurred in less than 2 hours. After the first crystallization 
from 0.1 mM potassium chloride, further recrystallization did not 
result in an increase of specific activity. One preparation of 
the enzyme from a particular sample of Crotalus adamanteus 
venom did not crystallize during the dialysis procedure, but 
precipitated as small uniform spherical particles. Another 


3 Heating was carried out in a 90° bath. 
70° was reached within 3 minutes. 

4 The pH was determined with a glass electrode; satisfactory 
results were obtained with pH values of 5.2 to 5.8. 
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prepuration from this sample of venom gave a mixture of crystals 
and spherical particles; the specific activity of both the spherical 
particles and the crystals was 6400. The other properties of 
the spherical particle preparation were the same as those of the 
Possible explanations for the variability in yield, 
specific activity, and other properties of the enzyme preparations 
will be discussed below. 

When Crotalus adamanteus venom was carried through the 
procedure described (3) for the preparation of L-amino acid 
oxidase from Agkistrodon piscivorus piscivorus, a noncrystalline 
product was obtained in very low yield which exhibited a specific 
activity of about 4000. Attempts to crystallize the amino acid 
oxidases of the venoms of Agkistrodon piscivorus piscivorus and 
Agkistrodon contortrix (copperhead) by the present procedure 
were not successful. 

Heat Stability of Enzyme—The first step in the purification 
procedure makes use of the fact that the enzyme is relatively 
stable to heat in the presence of t-leucine. Singer and Kearney 


crystals. 
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Fic. 2. Protection of L-amino acid oxidase against heat denatu- 
ration. The enzyme was heated (under nitrogen) in a water bath 
at 70° for the periods of time indicated. After cooling, the enzy- 
matic activity was determined as described in the text. The 
reaction mixtures consisted of dried Crotalus adamanteus venom 
(10 mg), L-leucine (10 wmoles) or Na2S2O, (2.9 wmoles) in a final 
volume of 1.1 ml of water. In the experiments with dithionite, 
oxygen was excluded by evacuation of the tube, which was filled 
with nitrogen (or argon) and sealed before heating. Ordinate, 
per cent of original activity remaining after heating; open circles, 
L-leucine; closed circles, Na2SeO4; squares, no addition. Y indi- 
cates that solution was yellow after heating; other solutions were 
colorless. 
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Fic. 3. Sedimentation diagrams of crystalline L-amino acid oxidase. Protein concentration, 1%, 0.05 m 2-amino- 
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(3) have previously reported that Agkistrodon piscivorus pisci- 
vorus L-amino acid oxidase could be heated at 73° for 5 minutes 
in the presence of 0.0091 m t-leucine without loss of activity. 
The crude enzyme from Crotalus adamanteus is also remarkably 
stable to heat in the presence of 0.0091 Mt-leucine. As indicated 
in Fig. 2, little activity was lost after 5 minutes at 70°, and after 
60 minutes at this temperature, only about one-third of the 
initial activity was lost. Preparations heated at 70° in the 
absence of t-leucine lost all enzyme activity within 5 minutes. 
t-Phenylalanine and L-methionine (at concentrations of 0.0091 
M) also protected the enzyme from heat denaturation, whereas 
equimolar concentrations of D-leucine and L-lysine did not pro- 
tect; L-valine and L-alanine (0.0091 Mm) afforded less or no pro- 
tection. Study of the variable results obtained with the last 
mentioned amino acids led to the observation that protection 
of the enzyme was achieved only when the enzyme remained in 
the reduced (colorless) form during heating. Thus, we fre- 
quently observed considerable loss of enzyme activity even with 
0.0091 m L-leucine if the procedure was carried out in air. —L- 
Leucine also protected under nitrogen at a concentration of 
0.00091 Mm, but not at 0.000091 M, apparently because traces of 
air in the flask permitted destruction of L-leucine and reoxidation 
of enzyme. In experiments in which L-amino acids did not 
protect, the enzyme solution was invariably yellow at the end 
of the heating procedure. When care was taken to exclude 
oxygen, dithionite protected the enzyme to the same extent as 
did t-leucine (Fig. 2). The crystalline enzyme was more stable 
to heat in the presence of 0.0091 M L-leucine than in its absence, 
but its stability, even in the presence of L-leucine was only about 
25% of that of the crude enzyme. 

Ultracentrifugal  Determinations—The sedimentation pattern 
of-the enzyme in the analytical ultracentrifuge exhibited a single 
boundary after one or more crystallizations (Fig. 3). The sedi- 
mentation constant (829,.) was found to be 6.54 Svedberg units. 
A value determined with 0.23% protein was 6.63 S. The meth- 
ods of Klainer and Kegeles (6) and Ehrenberg (7) gave values 
for the molecular weight that ranged from 128,000 to 153,000, 
assuming a partial specific volume of 0.75. 

Studies on Prosthetic Group—Solutions of the enzyme that 
had been placed at 100° for 5 minutes were found to activate 
hog kidney p-amino acid oxidase apoenzyme prepared according 
to Negelein and Brémel (9). Flavin mononucleotide did not 
activate the apoenzyme under these conditions. Various quan- 
tities of such heat-treated crystalline L-amino acid oxidase solu- 
tions were added to reaction mixtures containing D-amino acid 
oxidase apoenzyme, sodium pyrophosphate buffer, and p-alanine, 


: Bg Pa 


-(hydroxymethy])- 


1,3-propanediol-HCl buffer (pH 7.2); 0.1 m KCl; speed, 59,780 r.p.m.; the photographs were taken 14, 22, 30, and 38 minutes after 
reaching final speed; temperature, 22.5°; sedimentation is from left to right. 
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Fig. 4. Electrophoretic diagrams (descending) of crystalline 
L-amino acid oxidase. Protein concentration, 1%, 0.1 m 2-amino- 
2-(hydroxymethyl)-1,3-propanediol-HCl buffer (pH 7.2); tempera- 
ture, 2°;10 ma. The photographs were taken after 7200 seconds. 
Upper pattern, Preparation I (Table I); lower pattern, Preparation 
II (Table I). The peaks are designated A, B, and C, reading from 
right to left. 


TABLE II 


Specific enzymatic activity of L-amino acid oxidase 
fractions obtained by electrophoresis 


Experiment* Fraction Specific activity 
1 A 6930 
A+B 6980 
A+B+C 6580 
B+C 6900 
C 6975 
2 A 6760 
A+B+C 6300 
C 5700 
3 A 7150 
B 7200 








* Experiment 1: samples were taken from the electrophoresis 
shown in Fig. 4 (upper pattern) after 18,000 seconds. Experiment 
2: samples were taken after 18,000 seconds of electrophoresis of 
Preparation I at pH 5.0 in 0.1 m sodium acetate buffer; other 
conditions were as in Fig. 4. Experiment 3: samples were taken 
from electrophoresis shown in Fig. 4 (lower pattern) after 18,000 
seconds. 


and the rates of oxidation were determined. Comparison with a 
standard curve obtained in a similar manner with authentic 
flavin adenine dinucleotide (10, 11), gave a value of 12.3 ug of 
flavin adenine dinucleotide per mg of protein. The results of 
these studies provide presumptive evidence that the prosthetic 
group is flavin adenine dinucleotide, and the data are consistent 
with the conclusion that 1 mole of flavin adenine dinucleotide is 
present in 64,000 g of the crystalline L-amino acid oxidase. 
When considered in the light of the determinations of molecular 
weight carried out by ultracentrifugation, the data indicate a 
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molecular weight of approximately 128,000, and 2 moles of 
flavin adenine dinucleotide per mole of enzyme. 

The absorption spectrum of the crystalline enzyme in 0.1 
potassium chloride exhibited three maxima; these occurred at 
275, 390, and 462 muy, with absorbancy indices (e in terms of 
grams per liter) (a,) of 1.79, 0.178, and 0.171, respectively. As- 
suming that the molar absorbancy index (ay) at 462 my is twice 
that of flavin adenine dinucleotide at 450 my (11,300), the molee- 
ular weight of the enzyme is 132,000. 

Electrophoretic Studies—Most of the preparations of crystalline 
L-amino acid oxidase originally obtained exhibited three com- 
ponents when examined in the Tiselius apparatus. Fig. 4 
(upper pattern) shows the electrophoretic pattern of an enzyme 
preparation similar to that described in Table I (Preparation 1), 
No significant change was observed after four successive recrys- 
tallizations from 0.1 mM potassium chloride. The distribution of 
protein among the three components, A, B, and C (Fig. 4, upper 
tracing) was 54%, 21%, and 25%. The corresponding mobilities 
were, respectively, —3.54, —2.54, and —1.69 * 10-5 cm? see 
volt-!. Fractions were removed from various portions of the 
cell after 3 additional hours of electrophoresis, and tested for 
enzyme activity (Table II; Experiment 1). All of the samples 
exhibited approximately the same specific enzymatic activity. 
It therefore appears that this crystalline preparation contains 
at least three electrophoretically separable L-amino acid oxidases. 
When electrophoresis was carried out in 0.1 m sodium acetate 
buffer at pH 5.0, the largest of the components did not move, 
whereas the other two components moved in the direction of 
the negative electrode. Samples of the components were ob- 
tained as in the previous experiment and found to possess similar 
specific activities (Table II, Experiment 2). 

Fractions containing only the largest component (A) were 
obtained by sampling of electrophoresis cells as described above, 
and also by electrophoresis on cellulose columns and by chroma- 
tography on diethylaminoethy]-cellulose as described below. In 
one preparation, a homogeneous fraction was obtained by crys- 
tallization. In this particular preparation, a rather low yield of 
crystals had been obtained on dialysis. When the pH of the 
mother liquor was increased from 5.7 to 6.5 by addition of 0.005 
N sodium hydroxide, a further quantity of crystals was obtained; 
this material was electrophoretically homogeneous, and exhibited 
the mobility of Component A. 

The crystalline L-amino acid oxidase obtained from the venom 
of a single snake (Table I, Preparation II) exhibited only two 
components on electrophoresis. These corresponded in mobil- 
ity (—3.32 and —2.57 xX 10-5 cm’sec™ volt-, respectively) 
to Components A and B described above (Fig. 4, lower pattern); 
samples of these components obtained from the electrophoresis 
cell had approximately the same specific enzymatic activity 
(Table I1; Experiment 3). 

Preparation of pure Component A was also accomplished by 
column electrophoresis on cellulose powder. The results of 
determinations of enzyme activity on fractions obtained from 
the column are given in Fig. 5. Fractions corresponding to the 
major peak (Tubes 3 to 10) were combined and dialyzed against 
buffer. Examination in the Tiselius apparatus revealed a homo- 
geneous peak corresponding in mobility to Component A (—3.35 
X 10-5 cm? sec volt-). 

Separation of the components of crystalline L-amino acid 
oxidase was also carried out by chromatography on diethylamino- 
ethyl-cellulose according to the general procedure of Peterson 
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and Sober (12). The crystalline enzyme (1 mg) was chroma- 
tographed on a 0.9 X 90 cm column poured in 0.025 M 2-amino- 
2-(hydroxymethyl)-1 ,3-propanediol-HCl buffer, pH 7.0, and 
elution was carried out with a linear gradient of KCl (200 ml 
each of 0.025 m buffer and buffer containing 0.3 m KCl were 
placed in the reservoirs). The enzyme (collected in fractions of 
2.1 ml) was eluted in two smaller fractions (Tubes 74 to 78 and 
100 to 105) and a large fraction containing about 60% of the 
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Fic. 5. Electrophoresis of crystalline L-amino acid oxidase on 
Munktell cellulose column. The experimental details are given 
in the text. The ordinate represents enzymatic activity in terms 
of change in absorbancy at 300 my as determined by the borate- 
enolphenylpyruvate method. 
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Fic. 6. pH dependence of the oxidation of t-leucine by Crotalus 
adamanteus L-amino acid oxidase. The reaction vessels con- 
tained 16 ug of enzyme, other components as described in the text, 
and 2-amino-2-(hydroxymethy])-1,3-propanediol-HCl buffers; gas 
phase, air. The pH values were determined at 38° with a glass 
electrode. (The buffers were prepared at 23°, at which tempera- 
ture the pH values were approximately 0.35 units higher than at 
38°.) The ordinate represents activity expressed as microliters 
of oxygen taken up in 20 minutes. Studies carried out in identi- 
cal fashion with purified L-amino acid oxidase of Agkistrodon 
piscivorus piscivorus are also shown (----). 
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activity (Tubes 110 to 162). The activities of the several frac- 
tions were tested with t-phenylalanine, L-methionine, t-leucine. 
L-a-aminobutyric acid, L-tryptophan, L-isoleucine, L-valine, 
L-histidine, and L-arginine. The ratios of these activities was 
the same for each fraction and for the original enzyme prepara- 
tion. 

pH Dependence—The pH-activity curve of the enzyme was 
found to exhibit an optimum at about pH 7.5 (Fig. 6). The 
pH-optimum for the L-amino acid oxidase of Agkistrodon pisciv- 
orus piscivorus was reported to be between 7.0 and 7.5 (3); we 
have confirmed this finding (Fig. 6). 


DISCUSSION 


Crystalline L-amino acid oxidase preparations have been ob- 
tained, as described above, which contain 1, 2, or 3 components 
on electrophoresis. Separate study of these components has 
not revealed significant differences in specific activity or amino 
acid specificity, and it may therefore be concluded that we have 
obtained three enzymatically active forms of the protein. All 
the crystalline enzyme preparations were homogeneous in the 
ultracentrifuge, and it therefore appears that the several com- 
ponents observed on electrophoresis do not differ markedly in 
molecular weight. The variability in yield, specific activity, 
and number of components observed on electrophoresis, may be 
related to the presence of variable amounts of other components 
in the crude venom, to different conditions of extraction, evapo- 
ration, and storage of the venom, or to differences between the 
individual snakes themselves. We have considered the possi- 
bility that Components B and C may be derived from Compo- 
nent A by limited proteolytic attack by other enzymes present 
in the crude venom. However, incubation of solutions of venom 
for 15 to 24 hours at 37° did not alter the relative amounts of 
the components obtained. In our experience the relative quan- 
tities of each component are constant for a given batch of 
venom. Since each batch of venom usually contains enzyme 
extracted from a number of snakes, it is conceivable that the 
electrophoretically separable components are genetically deter- 
mined. It is of interest that a batch of venom obtained from a 
single snake (Preparation II, Table I) gave a crystalline L-amino 
acid oxidase preparation that exhibited two components on elec- 
trophoresis (Fig. 4). 

The experiments on the stability of the enzyme to heat indi- 
cate that the reduced enzyme is much more stable than the oxi- 
dized form. The findings suggest that stabilization observed 
in the presence of substrate is due to reduction of the prosthetic 
group rather than to formation of an enzyme-amino acid com- 
plex. Since heating results in cleavage of the prosthetic group 
from the protein, the results suggest that the reduced flavin is 
bound more tightly than the oxidized form. Such a conclusion 
is similar to that of Vestling (13) concerning the binding of flavin 
mononucleotide to old yellow enzyme. 

We have also prepared the L-amino acid oxidase of Agkistrodon 
piscivorus piscivorus venom for purpose of comparison. Al- 
though the final step in the purification of this enzyme (3) in- 
volves isolation of an electrophoretically homogeneous peak, 
sampling studies did not reveal evidence of other components of 
comparable enzymatic activity. Attempts to crystallize the 
L-amino acid oxidase of Agkistrodon piscivorus piscivorus venom 
by dialysis as described above, were not successful; the enzyme 
remained in solution even after 48 hours of dialysis with three 
changes of distilled water. Our preparations of this enzyme 
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exhibited specific activity values which were approximately 85% 
of that reported (3), and which were somewhat lower than the 
values obtained for the crystalline enzyme. Our preparations 
of the Agkistrodon piscivorus piscivorus venom enzyme were 
homogeneous in the ultracentrifuge and exhibited the reported 
(3) ratio of absorbancies at 280 and 460 my. However, al- 
though we obtained sedimentation constants (6.66, 6.35, and 
6.78) which agree closely with values reported (3) for this en- 
zyme (6.91, 6.96), and with the values for the crystalline en- 
zyme (6.63, 6.54), we did not obtain Singer and Kearney’s 
value of about 62,000 for the molecular weight. We obtained 
values in the same range by the Klainer and Kegeles (6) and 
Ehrenberg (7) procedures as given above for the crystalline 
Crotalus adamanteus venom enzyme. It therefore appears that 
the enzyme from the venom of Agkistrodon piscivorus piscivorus 
and that from Crotalus adamanteus have approximately the same 
molecular weight and contain 2 moles of flavin adenine dinucleo- 
tide per mole. The two enzymes differ in respect to solubility 
and behavior on dialysis as noted above, as well as in their be- 
havior toward calcium phosphate gel. The pH optima are 
about the same (Fig. 6). Both preparations were found to be 
capable of catalyzing the synthesis of L-amino acids from a-keto 
acids and ammonia (14). Reversible inactivation phenomena 
(15) have also been observed with both preparations. 

We have previously reported the formation of a new absorp- 
tion spectrum during reoxidation of reduced crystalline Crotalus 
adamanteus L-amino acid oxidase by molecular oxygen (16); a 
similar spectrum was obtained with the purified Agkistrodon 
piscivorus piscivorus venom L-amino acid oxidase. Further 
studies on this phenomenon and on certain kinetic and structural 
properties of the enzyme (cf. (17)) are in progress. 


SUMMARY 


1. Crystalline L-amino acid oxidase has been prepared from 
the venom of Crotalus adamanteus by a procedure involving 
selective heat denaturation, adsorption on and elution from cal- 
cium phosphate gel, ammonium sulfate precipitation, and dialy- 
sis against water. 

2. The enzyme is homogeneous in the ultracentrifuge, exhibits 
a molecular weight of approximately 130,000, and contains 2 
moles of flavin adenine dinucleotide per mole of enzyme. 


5 Values of electrophoretic mobility for two of our preparations 
of the enzyme from the venom of Agkistrodon piscivorus pisci- 
vorus were —1.78 and —1.81 X 10-® cm? sec™ volt~! (conditions 
given in Fig. 4). These values are different from those obtained 
by Singer and Kearney (3) under somewhat different conditions. 
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3. The crystalline preparations have been found to contain 
either two or three components separable by electrophoresis; 
components were found to exhibit approximately the same 
specific enzymatic activity. 

4, The reduced form of the enzyme is much more stable to 
heat than the oxidized form; the increased stability of the en- 
zyme in the presence of substrate appears to be due to reduction 
of the enzyme rather than to enzyme-substrate complex forma- 
tion. 

5. The present method was not suitable for the crystallization 
of t-amino acid oxidase from the venom of Agkistrodon piscivorus 
piscivorus. Purified preparations of the latter enzyme exhibited 
values for sedimentation constant, molecular weight, and pH 
optimum that were similar to those observed for the crystalline 
enzyme preparation, although differences were observed in spe- 
cific activity, solubility, and behavior on calcium phosphate gel. 
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The partial purification and certain properties of O-phospho- 
serine phosphatase from chicken liver have been described (1), 
and a double displacement mechanism has been proposed: 


I Bm. 6 UU 
P 
E+PS = EPS = E = EP+S8S 
(1) 
8 H.0 
E+ Pi 


In the above, E is the enzyme, PS is phosphoserine, I is the 
Michaelis complex of enzyme and P§, II is the Michaelis complex 
of phosphoryl-enzyme and serine, and III is the phosphoryl-en- 
zyme. A similar mechanism has been suggested for rat liver 
0-phosphoserine phosphatase by Borkenhagen and Kennedy (2). 
The present paper describes the inhibition of the hydrolytic re- 
action by serine and structurally related compounds, and estab- 
lishes that the enzyme can catalyze the transfer of a phosphory] 
group from p-phosphoseriné to L-serine. The available evidence 
for the hydrolytic activity, exchange activity, and the inhibition 
by serine and related compounds will be summarized and eval- 
uated in relation to the proposed mechanism. 

Preliminary reports on the inhibition and the proposed mech- 
anism have been published (3, 4). Independently of our own 
work, Borkenhagen and Kennedy (2) noted the inhibition of rat 
liver O-phosphoserine phosphatase by low concentrations of 
L-serine, and Schramm (5) found that the O-phosphoserine phos- 
phatase from bakers’ yeast was inhibited by relatively high con- 
centrations of L-serine. 


EXPERIMENTAL PROCEDURE 


The “phosphatase assay,” which has been described previously 
(1), is based on the release of orthophosphate from P-serine.* 
Unless otherwise specified the final concentration of the compo- 
nents in the test system were 0.01 m MgCl», 0.05 m succinate, 
0.05 m acetate buffer, pH 5.90, and 0.01 m pt-P-serine. Incu- 
bations were carried out at 38° and aliquots were removed for 


* Supported by United States Public Health Service Grant No. 
A-2412. 

+ Predoctoral Fellow of National Institutes of Health. This 
work is part of a dissertation presented by F. Neuhaus for the 
degree of Doctor of Philosophy at Duke University. Present ad- 
dress, Department of Chemistry and Chemical Engineering, Uni- 
versity of Illinois. 

1 The abbreviation P-serine is O-phosphoserine. 


orthophosphate analysis at zero time, 5, and 10 minutes. A unit 
of enzyme is that amount which will cause the liberation of 1.0 
umole of orthophosphate per ml of incubation mixture in 10 
minutes. 

The partially purified P-serine phosphatase which was used had 
a specific activity of 1.8 units per mg of protein, and was prepared 
according to the previously described procedure (1). 

The “exchange assay,”’ which has been described previously 
(1), is based on the incorporation of serine-C™ into a P-serine 
pool. The assay mixture contained 10 ywmoles of MgCls, P- 
serine as indicated, 50 umoles of Tris buffer, pH.7.12, 2.63 umoles 
of uniformly labeled L-serine-C™ (specific activity = 0.574 x 
105 c.p.m. per umole), and enzyme in a total volume of 1.0 ml. 
The tubes were incubated at 38° and the procedure for termi- 
nating the reaction, isolating the P-serine by ion exchange 
chromatography, and determining the specific activity have 
been previously described (6). 

Materials 

a-Methylserine and a-hydroxymethylserine were kindly pro- 
vided by Dr. E. E. Snell. t-Alanine, p-alanine, glycine, t-threo- 
nine, DL-allothreonine, L-cysteine, -y-aminobutyric acid, L-aspar- 
tic acid, t-glutamic acid, and glycolic acid were obtained from 
the California Foundation for Biochemical Research. p1i-Homo- 
serine was purchased from Nutritional Biochemicals Corpora- 
tion. a-Amino-isobutyric acid and DL-a-amino-n-butyric acid 
were obtained from the Amino Acid Manufacturing Company. 
pu-Methionine and t-histidine were purchased from Merck 
Chemicals Company. The sodium salt of pui-glyceric acid was 
prepared from the lead salt of pi-glyceric which was obtained 
from Aldrich Chemical Company. All the above materials were 
used without further purification. Other materials which were 
used have been previously described (1, 6). 


RESULTS 


Inhibition of Hydrolytic Actwity—Preliminary observations 
showed that the rate of dephosphorylation of pi-P-serine under 
our experimental conditions was not linear after 15 minutes (1). 
It was later found that this nonlinearity was due to an accumu- 
lation of the product L-serine. Fig. 1 shows the relationship 
between L-serine concentration and activity. Under identical 
conditions L-serine inhibited the dephosphorylation of p-P-serine 
and pt-P-serine to approximately the same extent. Since the 
K,, of t-P-serine is 5.8 X 10-5 m in contrast to the K,, for p-P- 
serine which is 4.2 X 10-* mM, it was concluded that the effect of 
L-serine on DL-P-serine represented primarily the inhibition of 
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Fig. 2. Specificity of inhibition by serine at low inhibitor con- 
centrations. The ‘‘phosphatase assay’’ was used with 0.135 unit 
of enzyme preparation per ml. @,5 X 10-‘m L-serine; A, 5 X 10-4 
M D-serine; @, without serine. 
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t-P-serine dephosphorylation. The reciprocal of the activity 
plotted against L-serine concentration (Dixon plot) (7) is linear 
in the range from 0 to 0.002 m. Fig. 2 compares L- and D-serine 
as inhibitors. The top curve shows the rate of p-serine dephos- 
phorylation in the absence of added serine. Under identical 
conditions L-serine (5.0 x 10-* m) inhibited the reaction 42% 
whereas D-serine (5.0 X 10-4 M) inhibited the reaction only 6%. 
The small inhibition observed with p-serine suggested that a 
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significant inhibition would require higher concentrations. As 
illustrated in Fig. 3, p-serine inhibits the dephosphorylation of 
both L- and p-P-serine. The reciprocal of the activity plotted 
against D-serine concentration is linear in the range from 0 to 
0.05 m. 

A series of compounds were tested to determine further the 
specificity of the inhibition (Table I). Many compounds which 
are similar in structure to serine do not inhibit. Of those tested, 
only L-serine, D-serine, glycine, and L-alanine had a significant 
effect at a concentration of 0.01 m. In addition to the com- 
pounds shown in Table I, the following compounds were tested 
at a final concentration of 0.01 m and did not inhibit: ethanola- 
mine, a-methylserine, a-hydroxymethylserine, L-cysteine, p1- 
a-amino-n-butyric acid, a-aminoisobutyric acid, y-aminobutyric 
acid, L-histidine, pL-methionine, L-threonine, DL-allothreonine, 
B-alanine, t-glutamic acid, L-aspartic acid, glycolic acid, pL- 
glyceric acid. It may be concluded that the inhibition is specific 
for a carboxyl group, amino group (preferably in the L-configu- 
ration), and either a —CH;, —CH.OH, or —H attached to the 
a carbon. The specificity pattern for the substrate (1) and 
inhibition are very similar. The specific inhibition by L-serine 
and structurally related amino acids appears to have no relation- 
ship to the general inhibition of alkaline and acid phosphatases 
by amino acids (8-12). 

In order to characterize the inhibition, the initial rates of 
hydrolysis were determined at several substrate levels in the 
presence of zero, 2.0 X 10-*m, and 5.0 x 10-‘mL-serine. The 
results are presented in Fig. 4 in the form of Lineweaver-Burk 
plots (13). This type of inhibition data, where there is a change 
in ordinate intercept with no change in slope, has been classified 
as uncompetitive by Ebersole et al. (14). It will become clear 
from the following discussion that the inhibition of P-serine 
phosphatase by serine is probably an apparent example of un- 
competitive inhibition and, like glucose 6-phosphatase (15), the 
type of inhibition probably will not fit one of the classical types. 
In order to evaluate further the inhibition data, a reciprocal 
velocity expression was derived (16) by steady state treatment 
of the following mechanism: 








E+ PS EPS 


v2 v4 


H.0 | ks (2) 


EP +5 





E + Pi 


These symbols have been used previously in Equation 1 ex- 
cept for ki, ke, ks, ks, and ks which are velocity constants. The 
Michaelis complex of serine with phosphoryl-enzyme in Equa- 
tion 1 has been omitted in order to simplify the derivation. It 
has been assumed that v = k; [EP] and that the rate of change 
of concentration equals zero for intermediates EPS and EP. 
The reciprocal velocity expression is as follows: 
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the velocity at any substrate concentration (8) 
Vmax When (S) = » andI =0 

€ total enzyme concentration 

Kes the substrate concentration giving 50% of Vmax 

K,;’ = the inhibitor concentration giving 50% of V max 

Inspection of Equation 3 shows that if 1/v is plotted against 
1/S the ordinate intercept will be 1/V max when I is zero, but 
when I is a finite concentration, the ordinate intercept will be 
1/V max (1 + 1/K;,’). Furthermore, the slope will be Km/V max 
when I is zero, but when I is a finite concentration, the slope will 
be (Km + ke/ki-1/Ki’)-1/Vmsx. The observed changes in 
ordinate intercept with different levels of serine in Fig. 4 are in 
agreement with Equation 3. However, since the slope of the 
three lines in Fig. 4 shows no well defined change, the inhibition 
data are in agreement with the slope term in Equation 3 only if 
the term k2/k; is very small. 

In summary, the kinetic study of the inhibition by L-serine is 
consistent with the proposed mechanism (Equation 2) and the 
reciprocal velocity expression (Equation 3). However, if fur- 
ther experiments can be carried out under conditions where a 
well defined slope change can be observed, this would make it 
possible to verify that the slope is a function of the term k2/k,- 
1/K,’, and this would not only further substantiate a double 
displacement mechanism but would eliminate a single displace- 
ment mechanism (16). With glucose 6-phosphatase (15) it has 
been possible to eliminate a single displacement mechanism on a 
kinetic basis. 

It was of interest to determine whether the inhibition by 
glycine and alanine was the same type as that observed for 
L-serine. This was tested as described in Fig. 4 by measuring 
the initial rates of hydrolysis at different substrate levels in the 
presence of 0.01 m pL-alanine and 0.01 m glycine. The recipro- 
cal plots again showed a change in intercept whereas the slope 
remained essentially constant. 

With Equation 3, K,’ for serine and structurally related 
inhibitors can be determined (Method a) from the ratio of inter- 
cepts obtained from a Lineweaver-Burk plot as follows: 


| 4 

OS wll 
= ~ (4) 
Vin 


where Intercept-I is the intercept at a finite concentration of 
I (serine) and Intercept-0 is the intercept in the absence of I- 
Solving for K;,’ there results: 


v 





Intercept-I 





Intercept-0 7 


I 
Intercept-I (5) 
Intercept-0 


Values for K;’ (Method 6) may also be obtained from a Dixon 
plot (7). Equation 3 is rearranged into the following form: 


1 Ka 1 1 ke 1 
y mak +3 | + He a x ee 
A plot of 1/v against I should yield a linear relationship with 
1/Vinax (1/Ki’ + ke/ki-1/S K;,’) as the slope and 1/V mex 
(1 + K»/S) as the intercept. The slope, under the conditions 
used, can be simplified to 1/Vmax Ki’. This simplification is 
based on preliminary estimates of k2/k, for p-P-serine and L-P- 
serine which make it possible to neglect the term kz/k,-1/S 
K;’. Also, the intercept, under the conditions used, can be 


Ki = 


i 
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TaBLe I 
Specificity of inhibition of O-phosphoserine phosphatase 
The ‘‘phosphatase assay”’ was used with 0.135 unit of enzyme 
preparation per ml in the presence of 0.01 m inhibitor. 

















Inhibitor Inhibition 
% 
1. u-Serine 95 
2. p-Serine 25 
3. L-Alanine 46 
4. p-Alanine <10 
5. Glycine 23 
6. pL-Homoserine <10 
t tT 1 ' ' 
4- a 
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Fic. 4. Characterization of the inhibition by t-serine. The 
‘phosphatase assay’’ with 0.135 unit of enzyme preparation per 
ml was used. DL-P-serine was used as the substrate; however, 
only the concentration of L-P-serine is plotted. @, in the absence 
of L-serine; M, 2.0 X 10-4 m L-serine; A, 5 X 10-4 m L-serine. 


TaBLeE II 
Evaluation of K;' for p- and x-serine at pH 5.9 

The values of K;’ in Substrates 2 to 5 were calculated from the 
Dixon plots (7) (Method 6) illustrated in Figs. 1 and 3, and the 
value for K,’ in Substrate 1 was calculated from the Lineweaver- 
Burk plots (Method a) illustrated in Fig. 4. The value for K;’ 
in Substrate 6 was taken from Fig. 5. Methods a and b are de- 
scribed in the text. 











Concentration Ki’ 
Substrate Method range of 
serine L-Serine p-serine 
moles/l moles/1 moles/l 
1. pu-P-serine a | 0-5.0 X 10-* | 5.9 x 10-4 
2. u-P-serine b | 05.9 xX 10-2 2.7 X 10°? 
3. D-P-serine b 0-6.4 X 10-2 2.9 X 10°? 
4. pL-P-serine b 0-2.0 X 10°? | 6.5 X 10-4 
5. p-P-serine b 0-2.0 X 107? | 7.0 X 10-4 
6. L-P-serine b 0-5.0 X 10-4 | 6.8 X 10-4 

















simplified since the substrate concentration is much higher than 
K,. With the use of the simplified terms for slope and inter- 
cept, Vmax is calculated from the intercept and K,’ from the 
slope. When activity is plotted as 100/% activity, e.g. Figs. 
1 and 3, the estimation of K;,’ simplifies even further since 
Vmax = 1 and therefore K;’ = 1/slope. With Methods a and 
b, K;’ has been evaluated for p- and t-serine with p- and L-P- 
serine as substrates, and these values are given in Table II. 
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Taste III 
Distribution and properties of phosphoserine phosphatase 


Metabolism of Phosphoserine. III 











Source Preperation | HYcroity | byrscrine | activicy” 
Chicken liver Purified +(1,6) | + + (1,6) 
Rat liver Purified + (2) +(2) | +(2,6) 
Bakers’ yeast Purified + (5) + (5) +* 
Escherichia coli | Crude extract | +f +T +f 

K-12 
Escherichia coli | Purified + (18) t t 
Crooks 

















* F. C. Neuhaus and W. L. Byrne, unpublished observations. 
The purified P-serine phosphatase from bakers’ yeast (5) was 
kindly provided by Dr. M. Schramm. 

¢t F. C. Neuhaus and W. L. Byrne, unpublished observations. 

t Not tested. 
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Fig. 5. Variation of K;’ and K,, with pH. The ‘“‘phosphatase 
assay’ with 0.135 unit of enzyme preparation per ml was em- 
ployed. The following buffers were used in the determination of 
Ky: 0.05 mM acetate and 0.05 m succinate, pH 4.48 and pH 5.90; 
0.05 m Tris, pH 7.65. Values for K,, were evaluated from Line- 
weaver-Burk plots. The following buffers were used in the deter- 
mination of K;’: 0.05 m acetate and 0.05 m succinate, pH 5.90; 0.05 
M Tris, pH 7.20 and 8.10. The u-P-serine (L-PS) concentration 
for the determination of K;’ was 0.005 m. Values for K;’ were 
calculated by Method b. 


Variation of K;' and Km with pH—If the inhibition by L-serine 
and the exchange of L-serine are related, the effectiveness of 
L-serine as an inhibitor (K;’) might be expected to show the 
same variation with pH as described previously for the exchange 
curve (1), 7.e. K;’ at pH 6 > K,’ at pH 7 < K,’ at pH 8. Val- 
ues for K,’ were determined at three pH values by Method b. 
Contrary to what was expected it was found that L-serine be- 
comes a progressively better inhibitor, i.e. K;’ at pH 5 > K,’ 
at pH 7.2 > K,’ at pH 8.1 (Fig. 5) as the pH increases. Also, 
since it was observed that K,, did not vary significantly with pH 
in the range 5.9 to 7.6, the change in K,’ cannot be correlated 
with a change in K,, for t-P-serine. 

Exchange of t-Serine-C™ with p-P-Serine—It has been estab- 
lished that p- and 1t-P-serine are both hydrolyzed at the same 
site on P-serine phosphatase (1, 2). Moreover, with either 
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L-P-serine or D-P-serine as the substrate, either L- or pD-serine 
inhibits the phosphatase activity. If the inhibition and ex- 
change are related as proposed in Equation 1, it should be possi- 
ble to transfer a phosphoryl group with any combination of 
donor (L- or p-P-serine) and acceptor (L- or D-serine). Since 
only t-serine-C™ was available, it was decided to try the transfer 
of the phosphoryl group from p-P-serine to L-serine as shown in 
the following reaction: 


p-P-Serine + t-serine-C'4 — L-P-serine-C!4 + p-serine 


In Fig. 6, Curve A, the transfer of a phosphoryl group from 
p-P-serine to L-serine-C™“ is demonstrated. The initial rate of 
transfer was 34% of the rate of the exchange of L-serine-C™ 
with u-P-serine (1). This calculation is based on the total 
counts exchanged during the first 5 minutes. When the log 
(100 minus % exchange) was plotted, it became evident that 
the incorporation was not first order as in the case of the ex- 
change of L-serine-C“ with L-P-serine (1). The enzyme appears 
to dephosphorylate preferentially the t-P-serine which is formed 
even though there is a high concentration of p-P-serine present. 
The preferential dephosphorylation of L-P-serine in the presence 
of a large pool of p-P-serine was tested by incubating 11 mumoles 
of u-P-serine-C" in the presence of 10,000 mumoles of p-P-serine. 
The incubation system was not inhibited with L-serine as in the 
case of the “exchange assay.” In Fig. 6, Curve B shows that 
within 5 minutes 60% of the L-P-serine-C™ was dephosphoryl- 
ated, and this assay was performed under conditions where 
only 1 to 2% of the total P-serine was dephosphorylated. 
It can be concluded from this experiment that the L-P- 
serine-C would be preferentially dephosphorylated, and that 
the reported rate for the transfer of a phosphoryl] group from 
p-P-serine to L-serine represents a minimum value. 
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Fig. 6. Exchange of t-serine-C' with p-P-serine. In the incu- 
bations for Curves A and C, the “exchange assay”’ was used except 
that each incubation contained 10 umoles of p-P-serine and no 
L-P-serine. In the incubations for Curve C, the enzyme, p-P-ser- 
ine, Mg*t*, and buffer were incubated for 20 minutes before the 
L-serine-C!4 was added. The incubations for Curve B were carried 
out according to the procedure for the ‘‘exchange assay”’ except 
serine-C' was omitted and each tube contained 11 mumoles of 
L-P-serine-C™ (specific activity (S.A.) = 2.21 X 105 c.p.m. per 
umole) and 10 wmoles of p-P-serine. All incubations contained 
0.075 mg of the enzyme preparation. Double symbols represent 
duplicate determinations in two experiments carried out at dif- 
ferent times. 
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The possibility was considered in this experiment that the 
p-P-serine was contaminated with a trace of L-P-serine and that 
the formation of P-serine-C“ was made possible by t-P-serine. 
However, it had been previously concluded from optical rota- 
tion measurements and pD-amino acid oxidase studies on the 
enantiomorphs of P-serine that the maximum contamination 
of one enantiomorph with the other enantiomorph is less than 
1% (16), and since P-serine phosphatase preferentially dephos- 
phorylates L-P-serine in the presence of D-P-serine, preincuba- 
tion of the enzyme, p-P-serine, and Mg++ for 20 minutes in the 
absence of L-serine should, according to Fig. 6, Curve B, remove 
90% of all the contaminating u-P-serine, if any, in the p-P- 
serine. If u-P-serine were the actual donor, preincubation 
would lower the t-P-serine content to the point where the final 
concentration would be sufficiently below the K,, for t-P-serine 
so that the initial rate of incorporation of radioactivity into the 
P-serine pool would be smaller than in the nonpreincubated 
system (Curve A). This was tested by preincubating the en- 
zyme, Mg++, and p-P-serine for 20 minutes before adding the 
-serine-C“, Essentially the same rate (Curve C) was obtained 
with preincubation as was observed without preincubation 
(Curve A). It was concluded that the phosphoryl-enzyme, 
proposed in Equation 1, may be formed from either L-P-serine 
or D-P-serine. 


DISCUSSION? 


A schematic mechanism for P-serine phosphatase, based on 
Equation 1, is given in Fig. 7. The hydrolytic activity may be 
visualized in the following sequence of steps. After the binding 
of P-serine to the enzyme to give an enzyme (P-serine) complex- 
(I), there is an attack on P-serine by a nucleophilic group(X) on 
the enzyme with a rupture of the phorphorus oxygen bond to 
give a phosphoryl-enzyme(serine) complex(II). The serine 
dissociates from II to give the phosphoryl-enzyme(III) and 
serine. This is then followed by a nucleophilic attack on the 
phosphoryl group of the phosphoryl-enzyme by water to give 
orthophosphate and enzyme. The exchange reaction may be 
visualized by the binding of t-serine onto the phosphoryl- 
enzyme(III) to give the phosphoryl-enzyme(serine) complex(I1) 
with a subsequent resynthesis of the P-serine ester bond to give 
the enzyme(P-serine) complex(I). The inhibition may be 
visualized by the binding of serine to the phosphoryl-enzyme- 
(III) to form the phosphoryl-enzyme(serine) intermediate(II). 
The phosphoryl group on intermediate II is protected from or 
is no longer susceptible to a nucleophilic attack by water. 

The description of the proposed mechanism does not differ- 
entiate between the p- and L- forms of P-serine and serine, and 
therefore assumes that the intermediates I and II are analogous 
and III is identical for the p- and L-forms. The description also 
assumes that the intermediates I, II, and III are identical for 
the hydrolytic activity, exchange activity, and inhibition. 

A close relationship between the activity observed with the 
D- and L-forms was indicated by the following observations. 
With either L-P-serine or p-P-serine as the substrate, either L- 
or D-serine inhibit the hydrolytic activity, and the K,’ for L- 
or D-serine is not significantly influenced by the choice of sub- 
strate. The ability of p-serine to accept a phosphoryl group 
has not been tested, but t-serine will act as an acceptor for the 
phosphoryl moiety of either t- or D-P-serine. The Vmax for the 


? Unless otherwise specified the data cited in this discussion are 
taken from the present paper or Paper II of this series (1). 
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Fic. 7. Postulated reaction mechanism for P-serine phospha- 
tase. 


hydrolytic activity with p- or L-P-serine as a substrate is identi- 
cal, but the K,, values are different. This comparison of V max 
and K,, is not sufficient evidence to make a defined comparison 
of the velocity constants for the two enantiomorphs. However, 
this comparison is consistent with the mechanism in Fig. 7, and 
it could mean that the hydrolysis of intermediate III is the 
limiting step in the hydrolytic sequence. 

A close relationship between the hydrolytic activity, exchange 
activity, and inhibition was indicated by the following observa- 
tion. The K,, for t-P-serine in the exchange reaction and Kp 
for L-P-serine in the phosphatase reaction are identical. The 
hydrolytic activity and exchange activity require Mg++. The 
K,’ and K,, for t-serine at pH 7.1 are almost identical. The 
maximum velocity in the exchange reaction essentially equals 
the maximum velocity in the hydrolytic activity. There is a 
quantitative relationship between the exchange activity and 
inhibition, and as in the case of glucose 6-phosphatase (15), the 
quantity of orthophosphate whose formation is prevented by 
the inhibitor (acceptor) approximately equals the quantity of 
inhibitor incorporated into the pool of substrate (donor).* 

The effect of pH on the exchange activity, phosphatase activ- 
ity, and inhibition by t-serine has been studied. With respect 
to the phosphatase activity, 50% of the maximum activity was 
observed at pH 4.2 and 7.8 whereas in the case of the exchange 
reaction, 50% of the maximum exchange was realized at pH 
6.4 and 7.9. One possible explanation for the difference in 
response of the hydrolytic activity and the exchange activity 
with pH involves the Michaelis complex of serine and phos- 
phoryl-enzyme(II). Serine can complex with the phosphoryl- 
enzyme to give intermediate II over a wide pH range, as judged 
by inhibition, and therefore it seems likely that the effect of pH 
does not involve the formation of intermediate II. By elimina- 
tion, this suggests that the conversion of intermediate II to I is 
the step which is markedly influenced by pH. A proposal 
which would explain this effect of pH is that the proper ionic 
form of II is required for the conversion of intermediate II to I. 
The conversion of II to I is required for the exchange activity 


3 The equality of inhibition and exchange for P-serine phospha- 
tase has not been presented as a separate set of data. 
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but not for the phosphatase activity. Consideration of the 
data for the rate of the exchange reaction with pH indicates that 
the proposed ionic form could be assigned a pK, of 6.4, and a 
pK, of 6.4 suggests the secondary ionization of the phosphory] 
group in intermediate II. 

The proposed mechanism for P-serine phosphatase includes 
three intermediates. Intermediate I is justified since the omis- 
sion of this intermediate leads to a velocity equation which 
would predict competitive inhibition (15, 16). Intermediate 
II is consistent with the inhibition of the hydrolytic activity by 
serine and related compounds, and it has been used to rationalize 
the influence of pH on the exchange activity. A double dis- 
placement mechanism, based on intermediate III, is justified 
(17) by the rapid exchange activity, and by the similarity of 
substrate specificity and inhibitor specificity. A double dis- 
placement mechanism is also supported by consideration of an 
analogous phosphatase, glucose 6-phosphatase. Kinetic studies 
of the glucose inhibition of glucose 6-phosphatase have elimi- 
nated a single displacement mechanism (15). The exchange of 
L-serine with the serine moiety of Lt-P-serine, under conditions 
where there was no detectable incorporation of P® labeled P; 
into P-serine, is consistent with intermediates I, IJ, and III, 
and justifies the omission of an arrow indicating the synthesis 
of the phosphoryl-enzyme from enzyme and P;. Preliminary 
experiments on the nature of the postulated groups, X and @ 
(Fig. 7) have not been rewarding, but the effect of pH on the 
hydrolytic activity and the exchange activity suggests that the 
@ group may have a pK, of 7.8 to 7.9. A single serine specific 
site involving @ and X has been proposed based on the sub- 
strate and inhibitor specificity. 

Table III summarizes the observations of several groups of 
workers on P-serine phosphatase from different sources. Hy- 
drolysis of P-serine, inhibition by serine, and exchange of L- 
serine-C™ have been observed in each case. The common prop- 
erties of the enzymes from the different sources suggests that 
they all have an analogous mechanism. However, there is a 
quantitative difference in their sensitivity to serine inhibition. 
The enzyme preparations from chicken and rat liver are inhib- 
ited by low concentrations of L-serine whereas relatively high 
concentrations of serine are required to inhibit the enzyme from 
bakers’ yeast and Escherichia colt. 


SUMMARY 


1. The inhibition of phosphoserine phosphatase by serine is 
described. In addition to L-serine and p-serine, the structural 


Metabolism of Phosphoserine. 
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analogues, L-alanine and glycine, were found to inhibit. The 
K,’ (the concentration of inhibitor which gives 50% inhibition) 
for L-serine is 6.5 X 10-* m and the K;,’ for p-serine is 2.7 x 
10-? M, with L-phosphoserine as the substrate. Essentially the 
same values are obtained with p-phosphoserine as the substrate, 

2. Phosphoserine phosphatase can catalyze the transfer of a 
phosphoryl group from p-phosphoserine to L-serine in addition 
to the previously described exchange reaction between L-phos- 
phoserine and L-serine. 

3. A mechanism for phosphoserine phosphatase which corre- 
lates the hydrolytic activity, exchange activity, and inhibition jg 
proposed, and the supporting evidence is outlined. A double 
displacement mechanism, based on a phosphoryl-enzyme in- 
termediate has been proposed. 


Acknowledgment—We would like to thank Professor G. W. 
Schwert and Dr. Louis F. Hass for their helpful advice. 
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Different RNA fractions present in the cytoplasm of rat liver 
have been separated by the use of diethylaminoethyl cellulose 
(Ecteola), an ion exchange adsorbent (1, 2). This communica- 
tion describes the chromatographic characteristics of yeast ribo- 
nucleic acid fractions prepared by differential solubility in 
sodium chloride (3, 4) and by ultracentrifugation. 


EXPERIMENTAL PROCEDURE 


Materials and Methods 


Fresh bakers’ yeast was obtained from the Red Star Company, 
Cleveland, Ohio. The procedure for the isolation of the RNA 
fractions and their designation were those of Crestfield et al. (3) 
and Davis and Allen (4). Briefly, 150-g batches of finely di- 
vided yeast were heated 1 minute at 83-87° and 2 minutes at 
80° in a solution of 2% recrystallized Duponol C (sodium lauryl 
sulfate, U.S.P., du Pont), 4.5% ethanol, and 0.025 m potassium 
phosphate buffer, pH 6.85. The solution was cooled and cen- 
trifuged at 0°. The RNA in the supernatant solution was pre- 
cipitated and washed with ethanol and then redissolved in water. 
Sodium chloride was then added to the RNA solution to a final 
concentration of 1 m. The RNA in the gel which formed was 
separated by centrifugation and designated RNA A. The RNA 
in the supernatant fraction was reprecipitated with ethanol and 
redissolved in a smaller volume of water. Sodium chloride was 
added to a final concentration of 1 m. The RNA in the pre- 
cipitate which formed was designated RNA B. The RNA pre- 
cipitable by ethanol from the final supernatant fraction was 
called RNA C. After the initial column chromatographic ex- 
periment, which established the similarity of the major portions 
of RNA B and RNA C, they were isolated as a single fraction, 
RNAB + C, from the supernatant fraction after the separation 
of RNA A. The isolated RNA A and RNA B + C fractions 
were treated by the phenol procedure (5). 

The fractions A, B, and C, and those isolated by ultracentrifu- 
gation were characterized by chromatography on Ecteola (Kutlir 
Laboratories, Monmouth Junction, New Jersey) ion exchange ad- 
sorbent (Column A) as described elsewhere (1,2). RNAI can be 
eluted from Ecteola adsorbent with a neutral salt solution. A 
large scale preparation of RNA I was as follows: a column of Ec- 
teola adsorbent 6.5 cm in diameter and 8.5 cm high was prepared 


* Supported by a grant from the United States Public Health 
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and washed successively with 1 N NaOH, 5 X 10+ EDTA,! and 
water. Approximately 150 mg of RNA B + C were dissolved 
in 2000 ml of water, adjusted to pH 8, and were adsorbed on the 
column. About 100 to 200 optical density units at 260 my 
passed through the column. The column was eluted with a 
sodium chloride gradient system. A solution of 1 N NaCl, 0.02 
M potassium phosphate buffer, pH 6.85, and 5 x 10-*m EDTA 
was run into a mixing chamber which contained 2000 ml of 
0.02 m potassium phosphate buffer, pH 6.85, and 5 x 10-* m 
EDTA. Thirty milliliter aliquots were collected. A small 
fraction of ultraviolet-absorbing material was eluted in tubes 
12 to 26 in which the normality of the NaCl was 0.02 to 0.08. 
The elution of RNA I began in tube 37, where the NaCl con- 
centration was 0.23 n. RNA I was then eluted with 1 n NaCl 
buffered as above. Approximately 80 mg of RNA were re- 
covered as RNA I. The remaining 70 mg were eluted with 1 
Nn NaOH after all the RNA I had come off. 

The supernatant and microsomal fractions of yeast were 
isolated by breaking the cells in a Nossal shaker (37.5 g of 
yeast per 100 mi of solution containing 2.5 X 10-* m potassium 
phosphate buffer, pH 7.0,5 * 10-4 m MgCl shaken at 0° for 15 
seconds). The resulting material was centrifuged at 10,000 x g 
for 15 minutes and then the supernatant fraction was centrifuged 
at 105,000 x g for 1 hour. The RNA of the microsomal pellet 
was extracted initially with the detergent solution (3), precipi- 
tated with ethanol, reextracted with 10% NaCl and reprecipi- 
tated with ethanol before chromatography (Fig. 2). The micro- 
somal RNA used in the separation reported in Table II was 
prepared by the phenol method (5). 

The methods of measurement of C**-leucine incorporation 
into RNA catalyzed by a rat liver preparation have been de- 
scribed (2). The average sedimentation coefficients (82,.) were 
determined by Dr. Herbert Rosenkranz. The RNA fractions 
were examined in 0.2 nN NaCl by the ultraviolet optical system. 
The electrophoretic analysis on starch was performed as de- 
scribed previously (1). Weight of RNA in milligrams was 
calculated on the basis of 23.9 optical density units at 260 my, 
pH 7.0, as equivalent to 1 mg. This value was determined 
from optical density and organic phosphate analyses of two 
different samples of RNA I. Pentose was estimated by the 
orcinol method (6) with AMP as a standard. Protein deter- 


1The abbreviation used is: EDTA, ethylenediaminetetraace- 
tate. 
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TABLE | 


Distribution of RNA in fractions isolated by ultracentrifugation and 
by differential solubility in 1 n sodium chloride 















































a RNA recovered 
mg/100 g yeast % 
1 RNA B 96 11 
RNA C 12 2 
RNA A 764 87 
2 RNAB+C 170 20 
RNA A 686 80 
3 RNAB+C 174 23 
RNA A 594 77 
4 Supernatant fraction 82 20 
(105,000 X g) 
Microsomal fraction 338 80 
(10,000-105,000 x g) 
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Fig. 1. Ecteola column elution patterns of yeast RNA fractions 
soluble initially in 1 Nn NaCl. 
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Fie. 2. Ecteola column elution patterns of a yeast RNA frac- 
tion insoluble in 1 N NaCl and yeast microsomal RNA. 
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minations were done by the Folin phenol method (7) and organic 
phosphate was determined by the Fiske-SubbaRow method (8). 


RESULTS 


Data on the distribution of RNA in fractions isolated by 
differential solubility in NaCl and by ultracentrifugation are 
presented in Table I. RNA A, insoluble in 1 nN NaCl, was 
approximately 80% of the total RNA. The remaining 20% 
was present in fractions B and C, initially soluble in 1 n NaCl. 
On separation by ultracentrifugation, 80% of the RNA recovered 
was isolated in the microsomal fraction while the remainder was 
in the supernatant fraction. Thus the relative proportions 
recovered as RNA A and microsomal RNA by these two pro- 
cedures of isolation are comparable. Crestfield e¢ al. (3) have 
reported that 90% of the total RNA in yeast is recovered by 
the detergent method. The lower yield of RNA reported in 
Table I for the fractions recovered by ultracentrifugation is 
assumed to be primarily due to lack of disruption of all yeast 
cells by the Nossal shaker. 

Chromatographic analysis of the fractions obtained by differ- 
ential solubility in NaCl and by ultracentrifugation was per- 
formed by the use of Ecteola ion exchange adsorbent. Elution 
patterns of the RNA fractions obtained by fractionation with 
NaCl are presented in Figs. 1 and 2. The major portions of 
both RNA B and RNA C (Fig. 1) were eluted with the NaCl 
gradient, i.e. 70% of RNA B and 48% of RNA C. In this 
preparation a significant proportion of RNA C (38%) waseluted 
before tube 12. In subsequent elution patterns of large amounts 
of the combined RNA B + C, the proportion of this material 
was considerably less. RNA B, 30%, and RNA C, 14%, were 
found in the material eluted with alkali. The RNA fraction 
eluted between tubes 20 and 44 behaved chromatographically 
exactly like an RNA fraction obtained from the high speed 
supernatant material of rat liver which was shown to act as an 
amino acid acceptor (1, 2). This rat liver RNA has been desig- 
nated RNAI. Therefore, a large scale chromatographic isola- 
tion procedure of the analogous RNA I from the combined 
yeast RNA B + C fractions was developed as described in the 
methods section. The preparation after chromatography con- 
tained less contaminating material. Rechromatography of 
yeast RNA I on a small Ecteola column resulted in recovery of 
68% as RNA I, 15% as RNA eluted with alkali, and 17% as 
RNA eluted before RNA I. On rechromatography of the 68% 


TABLE II 


Distribution of RNA’s isolated by chromatography from fractions 
obtained by ultracentrifugation 





RNA eluted with 











Fraction 
NaCl* 1 n NaOH 
me | % | me | % 
Supernatant fraction (105,000 X g)....... 0.30 | 69 | 0.134) 31 
Microsomal fraction (10,000-105,000 X g).| 0 0 | 0.55 |100 
Supernatant fraction (10,000 X g), ob- 
Co IR OR I Ee 0.105} 14 | 0.655) 86 
Supernatant fraction (10,000 X g), calcu- 
lated from total recovery (Table I) and 
separate fractionations................. 13 87 














* Eluted in fractions with 0.3 to 1.0 Nn NaCl. 
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recovered as RNA I, 75% was eluted as RNA I, 14% was eluted 
with alkali, and 13% was eluted before RNAI. This behavior 
of RNA I on rechromatography was similar to that observed 
with rat liver RNA I in which 15 to 20% was always recovered 
by elution with alkali (1). 

RNA A, the material initially insoluble in 1 N NaCl, produced 
the elution pattern shown in Fig. 2. Very little material was 
eluted with the NaCl gradient, whereas almost all of the material 
was eluted with alkali. On rechromatography of the RNA 
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Fic. 3. Effect of different yeast RNA fractions on the incorpo- 
ration of C'4-leucine. The reaction mixture contained 4 umoles 
of ATP, 14 umoles of 3-phosphoglyceric acid, 10 umoles of MgClo, 
20 umoles of Tris buffer pH 7.0, 2.5 umoles of leucine-1-C™ with 
960 c.p.m. per mumole, 25 mg of a rat liver lyophilized powder, and 
the RNA fraction to be tested, in a final volume of 1.0 ml. Incu- 
bations were at 37° for 15 minutes. 
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Fic. 4. The incorporation of C'-leucine in the presence of 1.44 
mg of RNA B + C versus time. 
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TaBe III 


Comparison of effect of RNA B + C versus RNA I at various 
concentrations on C'4-leucine incorporation 












































RNA Preparation 1 RNA Preparation 2 
RNA 
B+C I B+C I 
C'leucine C'“leucine C*-leucine C'« leucine 
mg mumoles pmmoles 
0 0.5 0.5 
0.18 0.7 uA 1.0 0.8 
0.36 1.3 1.4 1.2 1.4 
0.72 2.7 2.0 1.8 2.3 
1.44 2.7 2.7 2.8 2.9 
TaBLe IV 
Physical and chemical characteristics of RNA I and RNA 
A fractions 
RNAI RNA A 
Average sedimentation coefficient ....... 3.2 4.5 
Electrophoretic migration relative to 
MR soit +s ade Keodemsies vant es Oae 2.1 1.9 
Organic phosphate, umoles/ml.......... 10 
Pentose by orcinol, wmoles/ml.......... 5.5 
PROGR TI oi ofa cs oivksie okt s bala e 0.09 
Exo/mmM organic phosphate............. 7940 
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CENTIMETERS 


Fie. 5. Electrophoretic migration in starch gel of microsomal 
(A) and amino acid transfer (I) RNA. 


fraction eluted with 1 N NaCl, 0.1 n NH,OH, no optical density 
units were eluted in the RNA I area. 

The results of the chromatographic characterization of the 
RNA fractions, obtained by ultracentrifugation of the material 
from yeast cells broken in the Nossal shaker, are presented in 
Table II. Of the RNA in the supernatant material after cen- 
trifugation at 105,000 x g for 1 hour 69% was eluted with NaCl 
at a position characteristic of RNA I, and the remainder was 
eluted with alkali. The RNA, isolated from the microsomal 
pellet which was shown to consist of particles with an average 
sedimentation coefficient (82,0) of 84, contained no RNA I as 
indicated both in Table II and in Fig. 2. When this RNA frac- 
tion, eluted with 0.1 n NH,OH, 1 n NaCl, was dialyzed and 
rechromatographed, 88% was recovered at the same point and 
none was recovered as RNAI. The RNA from the supernatant 
material, obtained after centrifugation at 10,000 x g for 15 
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minutes, was fractionated on the Ecteola column; 14% of the 
RNA was isolated as RNA I. This value for the combined 
fractions coincides closely with the percentage calculated from 
the data of the separate supernatant and microsomal fractions 
(Tables I and II). 

Known amounts of RNA I and microsomal RNA, isolated 
by chromatography, could be mixed, rechromatographed and 
recovered with a 24% loss of RNA I and a 5% loss of micro- 
somal RNA. The chromatographic artifact described above 
may account for approximately 15% of the RNA I which was 
lost. 

The effect of the RNA fractions on the incorporation of C'*- 
leucine incubated in the presence of a rat liver enzyme prepara- 
tion for 15 minutes is indicated in Fig. 3. The data demon- 
strate that fractions B and C were active while fraction A was 
not. The lower activity of RNA C may be due to the presence 
of the material noted in the elution pattern before RNAI. The 
incorporation of C"*-leucine as a function of time in the presence 
of 1.44 mg of RNA B + C is indicated in Fig. 4. The stimula- 
tion of C-leucine incorporation by RNA I isolated from several 
preparations of RNA B + C was also studied. The results, 
presented in Table III, indicate that the column purification 
did not seem to increase the activity significantly. The reason 
for the higher activity of the preparation used for the experiments 
in Figs. 3 and 4 compared to the preparations tested in Table 
III is not apparent. In order to establish further the validity 
of the chromatographic separation, RNA I and RNA A were 
mixed, chromatographed, and reisolated. The ability of these 
fractions to stimulate C'*-leucine incorporation was compared 
with the starting material. The reisolated RNA I retained 58% 
of its activity whereas the minimal activity in the RNA A was 
not altered significantly. In one experiment, RNA B + C was 
incubated with C"-leucine and the rat liver preparation, reex- 
tracted with phenol, and chromatographed. Each fraction was 
counted by a scintillation counter. The radioactivity was found 
throughout the RNA I fraction, indicating that the column did 
not resolve an RNA specific for leucine. There was no activity 
noted in the ultraviolet-absorbing material eluted before RNA I. 

RNA I and RNA A were examined in the ultracentrifuge by 
Dr. Herbert Rosenkranz. As indicated in Table IV, the former 
had an average sedimentation coefficient (82,..) of 3.2 whereas 
the latter had a value of 4.5. The relative mobility of these 
RNA fractions studied by starch electrophoresis is indicated in 
Table IV and Fig. 5. The RNA I migrated slightly faster. 
Analysis of RNA I for phosphate, pentose, and protein is re- 
ported in Table IV. The value for protein is corrected for the 
reaction of guanine with the reagents and represents less than 
1% of the weight of the RNA plus protein. The extinction 
coefficient of two different samples of RNA I was 7800 and 8100 
per mmole of organic phosphate; the average, 7,950, is presented 
in Table IV. 


DISCUSSION 


Amino acid transfer RNA and microsomal RNA present in 
yeast can be separated by either differential solubility in 1 N 
NaCl or by ultracentrifugation. The fraction of RNA contain- 
ing the amino acid transfer RNA isolated by either method com- 
prises 15 to 20% of the total RNA isolated. This RNA is eluted 
from Ecteola adsorbent with NaCl at exactly the same molarity 


Yeast Ribonucleic Acids 


Vol. 235, No. 7 


as a fraction of amino acid transfer RNA of rat liver (1, 2) and 
its behavior on rechromatography is similar. The average sedi- 
mentation coefficient (82,0) of the yeast amino acid transfer 
RNA is 3.2. It is assumed that RNA molecules able to transfer 
amino acids other than leucine are present in this fraction, be- 
cause of the association of the various transfer RNA species 
during preparation by other methods, and the difficulties en- 
countered by several investigators in achieving only partial sep- 
aration (9, 10). Contamination by small amounts of nontrans- 
fer RNA cannot be ruled out. 

Microsomal RNA represents approximately 80% of the RNA 
isolated both by the detergent procedure (3, 4) and by ultracen- 
trifugation. This material can be eluted from Ecteola adsorbent 
at pH values above 9.5. The average sedimentation coefficients 
(80,~) of this material is 4.5. Microsomal RNA migrates 
slower than amino acid transfer RNA on starch electrophoresis. 

The behavior of yeast microsomal RNA on Ecteola adsorbent 
and on electrophoresis is similar in some respects to the post- 
microsomal RNA isolated from rat liver (1). However, it differs 
in that on rechromatography it does not yield significant amounts 
of the RNA which can be eluted with NaCl, and it does not 
stimulate amino acid incorporation. The suggestion has been 
made that amino acid transfer RNA might be bound in an alkali 
labile linkage in the postmicrosomal fraction (2). The incuba- 
tion of yeast microsomal RNA in 0.1 n NH,OH at 37° for as 
long as 60 minutes did not liberate any material with chromato- 
graphic characteristics of amino acid transfer RNA. 


SUMMARY 


1. Yeast ribonucleic acid (RNA) fractions obtained by differ- 
ential solubility in 1 Nn NaCl and by ultracentrifugation have 
been examined by chromatography on diethylaminoethy] cel- 
lulose (Ecteola) adsorbent. 

2. The fraction of yeast RNA which contains amino acid 
transfer RNA is 15 to 20% of the total RNA. It can be isolated 
by ultracentrifugation in the high speed supernatant fraction, 
is soluble in 1 n NaCl, can be eluted partially from Ecteola ad- 
sorbent with neutral NaCl solution, and stimulates the incorpora- 
tion of C"-leucine. 

3. The fraction which contains microsomal RNA is 80 to 85% 
of the total RNA. It can be isolated by ultracentrifugation in 
the microsomal fraction, is insoluble in 1 nN NaCl, can be eluted 
from Ecteola adsorbent at a pH above 9.5, and does not stimu- 
late C'-leucine incorporation. 
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The growth-inhibitory properties of 8-azaguanine undoubtedly 
rest on the drug’s interference with normal biosynthetic path- 
ways. The structural resemblance of 8-azaguanine to guanine 
has suggested antagonism by the drug of reactions in which 
guanine and particularly its anabolites play an essential role. 
Indeed, the corresponding anabolism of the drug to nucleoside 
(1), nucleotide (2), nucleoside polyphosphates (3), and even poly- 
nucleotides in both mammals (4) and microbiological systems as 
Bacillus cereus (1, 5), has given indication of the intricate mech- 
anisms by which the analogue may produce its interference. 

Studies on the effects of 8-azaguanine on ribonucleic acid bio- 
synthesis in Bacillus cereus have shown that the analogue was 
present in combined form in the RNA fraction in place of guanine 
(2). A compensatory increase in RNA synthesis was demon- 
strated in the 8-azaguanine-inhibited culture, however, and the 
total guanine content per cell was essentially that of a normal 
cell. It seemed clear that the drug’s action was not related to 
a depression of total RNA synthesis. 

In order to investigate other biochemical pathways which 
involved guanine and which may be antagonized by 8-azagua- 
nine, the effect of the analogue on protein formation was ex- 
amined. The incorporation in vitro of amino acids has been 
shown to require specific RNA fractions as well as guanosine di- 
or triphosphates as cofactors (6, 7). 

In the present paper, the utilization of the sulfur amino acids 
by Bacillus cereus was observed to be strongly curtailed by the 
analogue, even though other protein precursors and pyrimidines 
(2) continued to be incorporated. These observations, reported 
in preliminary form (8), will be described in detail. Particular 
emphasis has been directed toward the proof that the observed 
effect was a true drug response on the formation of proteins 
rather than some secondary effect. The subsequent paper (9) 
deals with the effect of 8-azaguanine on the bacterial utilization 
of other amino acids, and develops the concept that 8-azaguanine 
produces a specific inhibition of the synthesis of protoplasmic 
proteins, whereas incorporation of amino acids into cell wall 
material continues. Chantrenne (10, 11) has carried out some 
independent investigations along similar lines, also using Bacil- 
lus cereus. 


* This research was supported by Research Grant CY-2978 from 
the National Cancer Institute, United States Public Health 
Service, Bethesda, Maryland. 

t Medical student Research Scholar, supported by Lederle 
Laboratories. 


EXPERIMENTAL PROCEDURE 


Growth of Microorganisms—The microorganism used for study- 
ing the effect of the analogue was Bacillus cereus, strain 569H. 
This strain is a constitutive penicillinase-producing mutant iso- 
lated from the inducible penicillinase-producing wild strain by 
Kogut et al. (12). The microorganism has been used in this 
laboratory for a number of investigations on 8-azaguanine (2, 5, 
13). The bacteria were grown in a casein hydrolysate medium 
unless otherwise specified. The composition was KH2PO, (3.5 
g), MgSO,-7H.20 (0.51 g), Fe(NH4)2(SO,)2-6H:O (4.8 mg) and 
vitamin-free casamino acids (10 g) brought to 1 liter at pH 7 (1). 
The addition of traces of the labeled amino acids produced no 
detectable change in the amino acid content of the medium. 
Microorganisms were grown during shaking in a Kahn-Aloe 
shaker mounted in a thermostated box and maintained at 37°. 
Bacterial suspensions in plastic wash bottles were sampled di- 
rectly into cuvettes for turbidimetric assay at 540 mu (ODsu0) 
in a Beckman spectrophotometer, model DU, as described 
previously (5). At ODso of 0.4, 1 ml of bacterial suspension 
contained 2 X 10° cells or 0.3 mg dry weight. The bacterial 
suspension was then mixed with an equal volume of 10% tri- 
chloroacetic acid and the resulting precipitate was filtered 
through membrane filters (Schleicher and Schuell, Keene, N. H.) 
which removed the cells in an essentially quantitative and re- 
producible manner. This filtration procedure has been described 
by Britten et al. (14). 

Materials—8-Azaguanine-4-C™“ was prepared previously (15). 
t-Methionine-S** and t-cystine-S** were purchased from Schwarz 
Laboratories, Mount Vernon, New York. Carrier-free sulfate- 
S*5 was obtained from Oak Ridge National Laboratories, Tennes- 
see. DL-Glutamic acid-2-C™ and acetate-1-C'* were bought 
from Tracerlab, Inc., Waltham, Massachusetts and Nuclear In- 
strument and Chemical Corp., Chicago, respectively. 

Cellular Fractionation—The localization of isotopes in various 
cell fractions was carried out by a modification of the Schneider 
technique (16). Cells were harvested by centrifugation in a 
Servall refrigerated centrifuge at 15,000 x g, were washed with 
0.9% NaCl solution and extracted with (a) 5% trichloroacetic 
acid at room temperature; (6) 70% aqueous ethanol at 70°, 
followed by ethanol-ether (1:1 volume per volume) at 40°; and 
(c) 5% trichloroacetic acid at 100°. These extracts contained 
(a) the cold acid-soluble fraction; (6) the lipid fraction; and (c) 
the hot acid-soluble fraction, respectively. Trichloroacetic acid 
was removed from the appropriate extracts by shaking with 
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ether several times and aspirating off the ether layer. The 
residue after the hot trichloroacetic acid extraction, herein re- 
ferred to as the “total protein” fraction, was taken up in 6 n HCl, 
and protein was hydrolyzed in a pressure cooker at 8 pounds per 
sq. in. (112°) for 3 hours. The HCl was then removed in a 
vacuum and the hydrolysate was treated with water and evapo- 
rated repeatedly to remove HCl. 

Aliquots of each fraction were plated for radioassay or were 
subjected to descending chromatography on Whatman No. 1 or 
3MM paper, with the use of the following solvent systems: (/) 
70% isopropanol, 30% water in an atmosphere of NH; (17); 
(2) 170 ml of isopropanol, 44 ml of concentrated HCl and H.O 
to 250 ml (adapted from (18)). The latter system was found to 
be extremely useful for the rapid separation of amino acids. 
Although not all of the amino acids were dissociated from each 
other, most of the compounds were located in sharply defined 
bands. Radioautograms of chromatograms were made with 
single-coated blue-sensitive Kodak Medical X-ray film. Chro- 
matograms developed in Solvent 2 (containing HCl) were care- 
fully dried and the film exposed to ammonia fumes before 
radioautography. Counting was carried out in a windowless 
gas flow proportional counter, using natural gas, as has been 
previously described (13). 

Some chemical fractionations were carried out by the mem- 
brane filter fractionation technique currently developed in this 
laboratory. Aliquots of the radioactive bacterial suspension 
were filtered through membrane filters after the following treat- 
ments: (a) mixed with 0.9% NaCl and filtered directly to measure 
incorporation into intact bacteria; or (b) mixed with an equal 
volume of 10% trichloroacetic acid and filtered to measure the 
incorporation into the cold acid-insoluble material (difference 
between (a) and (b) being equal to cold acid-soluble fraction) ; 
or (c) heated with an equal volume of 10% trichloroacetic acid 
at 100° for 30 minutes and filtered to give material insoluble in 
hot trichloroacetic acid (“total protein” fraction), the difference 
between (b) and (c) being equal to the hot acid-soluble fraction; 
or (d) heated at 70° with 2 volumes of ethanol and filtered to 
measure the ethanol-soluble fraction (difference between (b) and 
(d). The validity of this method and its agreement with conven- 
tional techniques is described in detail elsewhere (19). 

Separation of Cysteic Acid—To determine the metabolic path- 
way of S**-cystine, cysteic acid was prepared from the cysteine 
derivatives of bacterial proteins by treating the unhydrolyzed 
protein with performic acid (20). A mixture of 1 ml of H,0, 
and 9 ml of 70% formic acid was allowed to stand for 1 hour and 
was then added to the dried “total protein” fraction. After 15 
minutes the mixture was taken to dryness and hydrolyzed in the 
usual manner. After the removal of HCl the amino acid mix- 
ture was subjected to paper electrophoresis in 0.2 m acetic acid 
at 500 volts for 90 minutes, with the Spinco Durrum-type appa- 
ratus. The paper strips were dried and treated with 0.25% 
ninhydrin in acetone to locate the amino acids. Cysteic acid 
separated distinctly from the other amino acids because of its 
negative charge at this pH. The compound was eluted and 
measured by the method of Moore and Stein (21). A procedure 
similar to the above has recently appeared (22). 

Bioassay for Methionine—To determine the content of methio- 
nine in bacterial proteins, only the method of bioassay proved 
satisfactory for measuring the small quantities of this amino 
acid. A methionine-requiring microorganism, Streptococcus sp. 
ATCC 8042 (‘received as Leuconostoc mesenteroides P-60, ATCC 
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8042”) was used in the methionine assay medium B 423 of Difeo 
Laboratories, with the use of the procedure recommended (23), 

For these determinations, B. cereus cultures were harvested and 
fractionated by the usual procedure. Protein hydrolysis in 6 y 
HCl was carried out at atmospheric pressure over reflux overnight 
to avoid possible destruction of methionine. The turbidity of 
the bioassay culture was measured in a Coleman junior spectro- 
photometer after 18 hours’ growth at 37°. Standards of methio- 
nine were run simultaneously. The percentage of methionine 
in protein was calculated after hydrolysis of the total protein to 
amino acids and ninhydrin assay (24), with methionine serving 
as standard. 

Protein Content—Two methods were used to measure total 
content of bacterial ‘total protein” fraction. The method of 
Lowry et al. (25) was applied after pretreatment with NaOH as 
recommended (25) to bring the microorganisms into solution, 
The ninhydrin method of Harding and MacLean (24) was car- 
ried out on hydrolysates of the “total protein” fraction. 


RESULTS 


Bacterial Uptake of Methionine—8-Azaguanine potently in- 
hibits the growth of Bacillus cereus when the analogue is added 
to an exponentially growing bacterial culture (1, 5). In order 
to measure the effect that the analogue produced on the incor- 
poration of a specific amino acid, t-methionine-S** was added to 
bacteria in the logarithmic phase of growth. The suspension 
was immediately subdivided, one subculture receiving 15 yg of 
8-azaguanine dissolved in sodium carbonate per ml of medium 
and the other, receiving sodium carbonate only. The suspen- 
sions were then allowed to proliferate in the described manner. 
Periodically samples were removed to measure turbidity and 
incorporation into the trichloroacetic acid-insoluble bacterial 
residue by means of the membrane filter technique. 

Fig. 1 shows the results obtained when the uptake by the cells 
per ml of culture was plotted against either time or turbidimetric 
increase (AOD), indicative of cell mass increase or growth. 

It is apparent that the uptake of methionine was sharply cur- 
tailed by the analogue, in comparison with the control culture, 
even when comparisons were made at the same turbidimetric 
readings. It was also observed that the drug effect did not 
commence immediately after the addition of the analogue, but 
required some time. There was thus a very close relationship 
between the time of onset of inhibition of growth and the effect 
on methionine uptake. This lag in the onset of inhibition of 
growth and of the uptake of S**-methionine was in sharp contrast 
to the incorporation of 8-azaguanine into the RNA, which com- 
mences immediately after the addition of the drug (5). The 
formation of 8-azaguanine-containing polynucleotide and any 
associated intracellular anabolism of 8-azaguanine to the active 
inhibitor, therefore preceded the other drug effects. The lag in 
onset may also be associated with the time required to reach a 
critical intracellular concentration of the active inhibitor. 

The inhibition of methionine uptake in the inhibited culture 
started gradually and progressed until it reached 85% when 
compared at similar turbidimetric differences to a control cul- 
ture. Thus the over-all depression of methionine uptake by 
8-azaguanine varied with the period of inhibition. 

To localize the effect on S**-methionine, bacteria were grown 
to similar extents of cell mass and were harvested and fraction- 
ated as described. Table I shows that almost all of the radio- 
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Fic. 1. Effect of 8-azaguanine on growth and incorporation of 
exogenous methionine-S** into cold trichloroacetic acid-washed 
cells of Bacillus cereus. Turbidimetric assay (recorded as OD at 
540 my) described in text. 8-Azaguanine added at time 0. Top, 
effect of analogue on growthrate. Middle, uptake of radioactivity 
into cells per ml of bacterial suspension, as a function of time of 
incubation. Bottom, uptake of radioactivity into cells per ml of 
bacterial suspension as a function of turbidity (AOD). 8-Azagua- 
nine added at AOD of 0. O, control culture; @, 8-azaguanine- 
treated culture. 


sulfur was present in the protein fraction, where the drug pro- 
duced its principal biochemical effect. Chromatography in 
Solvent 2 revealed that the radiosulfur in this system was in- 
corporated into protein as methionine, which was isolated as 
methionine and methionine sulfone or sulfoxide. Again, the 
effect of azaguanine was to prevent almost entirely the uptake 
of radiosulfur into these products. 

The radioactivity present in the acid-soluble fraction of the 
drug-treated cells usually appeared to be somewhat greater than 
that of the control bacteria. Thus the biochemical block does 
not appear to involve cellular permeability to exogenous methio- 
nine. 

Reversal of Effect on Methionine Utilization—The addition of 
guanosine leads to recovery of the growth rate after inhibition 
by 8-azaguanine (5), as well as cessation of incorporation of 
8-azaguanine into the nucleic acids and ejection of some of the 
analogue from the RNA into the bacterial medium (5). As 
shown in Fig. 2, the addition of guanosine resulted in the prompt 
return of the culture’s ability to incorporate methionine. When 
plotted by increase in bacterial mass, the slope of the uptake 
curve for the drug reversal culture became similar to that of the 
control culture, implying that the effect on methionine utiliza- 
tion was due to some purine-antagonizing action of 8-azaguanine. 
It was noted that the reversal of the incorporation effect preceded 
the recovery of the growth rate, in agreement with a related ob- 
servation by Chantrenne (26) that the reversal of the drug’s 
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TaBLe I 
Characteristic distribution of S** from S**-methionine 
in cell fractions 

B. cereus grown with S*5-methionine in the presence and absence 
of 8-azaguanine to identical turbidity values, harvested and frac- 
tionated with the use of 0.9% NaCl solution, cold and hot tri- 
chloroacetic acid treatments as described. Percentage of radio- 
activity in each fraction relative to radioactivity in cold 
acid-washed cells of control culture, arbitrarily set at (100). 
































Radioactivity 
Control cells 8-Azaguanine cells 
C.p.m,. % C.p.m. % 
Saline-insoluble.......... 1298 103.4 755 60.3 
Cold acid-soluble...... 43 3.4 84 6.7 
Cold acid-insoluble...... 1255 (100.0) 671 53.6 
Alcohol-soluble........ 40 3.2 18 
Hot acid-soluble....... 55 4.4 18 
Hot acid-insoluble........}| 1200 95.6 653 52.3 
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Fic. 2. Effect of guanosine on the depression of methionine-S** 
uptake into cold trichloroacetic acid-washed cells of B. cereus, 
resulting from 8-azaguanine treatment. 8-Azaguanine added at 
AOD 0, guanosine (250 wg per ml) at arrow. O, control culture; 
@ 8-azaguanine-treated culture. 


effect on protein incorporation took place before the resumption 
of penicillinase formation. 

Exclusion of Alternative Mechanisms—Other possible explana- 
tions for the observed effect of 8-azaguanine on the incorporation 
of methionine were examined. Since the following alternatives 
were considered unlikely, a direct effect by the drug on protein 
biosynthesis was postulated. 

1. The biochemical effect observed in the drug-treated culture 
might be due to the longer time of incubation of the inhibited 
culture to reach the final turbidity of the control cells. For 
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example, if methionine were gradually depleted from the bac- 
terial medium, the slower growing culture might not have avail- 
able sufficient labeled methionine for protein biosynthesis, result- 
ing in less than normal bacterial uptake of radioactivity. 
Chromatography and autoradiography of the growth media af- 
ter the characteristic periods of incubation with and without 
8-azaguanine showed identical chromatographic patterns of 
metabolites. Since both media still contained a large excess of 
S**-methionine, this possible explanation was excluded. 

2. Inhibition by 8-azaguanine might produce cell lysis, and 
the resulting decomposition products could dilute the radioactive 
precursor pool used in the synthesis of new cell protein. Alter- 
natively, incorporation of methionine into protein of the control 
cells might represent the formation of protein for new cells plus 
exchange of labeled amino acid for the unlabeled constituents of 
previously formed cells. If azaguanine should prevent this ex- 
change reaction, the over-all effect of the analogue would appear 
as a decrease in incorporation of methionine into proteins. The 
possibility of “exchange” of methionine between the protein 
fraction and the medium was tested by labeling normal cells 
with methionine-S**, and subculturing in S**-free medium in the 
presence and absence of 8-azaguanine. As shown in Fig. 3, 
biochemical turnover under either condition led to only a very 
slight loss of radioactivity, in agreement with the work of Urbé 
(27) who calculated 1.4% replacement per hour in growing cells 
of B. cereus. For resting cells, the replacement of 7% per hour 
was reduced in the presence of the growth-inhibitory antibiotic, 
chloramphenicol, to 3.5% per hour (27). 

3. Some of the methionine taken up by the control culture 
might become attached to protein molecules by the sulfur atom 
rather than as a peptide. The effect of the analogue might then 
be directed only against the former type of linkage. These 
structures may be differentiated by the use of mercaptoethanol 
which replaces methionine when linked through sulfur (28). 
Cells grown with methionine-S** were fractionated and the pro- 
teins were allowed to stand overnight at room temperature with 
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Fiae. 3. Effect of subsequent growth on the bacterial content of 
radiosulfur. A culture had been labeled by growing in medium 
containing S**-methionine. The cells were then harvested and 
resuspended in nonradioactive medium for the subsequent growth. 
O, subsequent growth in normal medium; @, subsequent growth 
(at slower rate) in medium containing 8-azaguanine. 
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mercaptoethanol or water as control. Radioassays of the pro- 
tein reprecipitated by trichloroacetic acid were identical, indi- 
cating that all of the methionine incorporated into the cells had 
been linked in the @ position characteristic of peptide formation, 
the only alternative linkage. Thus, the analogue must affect 
this pathway of methionine uptake. 

4. The effect of azaguanine may not have been specific on 
methionine uptake but was characteristic of a profound depres- 
sion of the incorporation of all amino acids into the “total pro- 
tein” fraction. At similar turbidity readings, cells harvested 
from control cultures and drug-treated bacteria showed none of 
the drastic reductions in total protein content that had been 
observed in the incorporation of methionine. When ninhydrin 
assays on hydrolyzed bacterial protein were expressed in terms 
of methionine as a standard, in two typical experiments control 
bacteria contained 0.185 and 0.173 mg of amino acid per ml of 
bacterial suspension at ODsqo of 0.40, whereas cells grown to this 
turbidity in the presence of 8-azaguanine contained 0.169 and 
0.178 mg of amino acid per ml of suspension. Corresponding 
results were obtained with the Lowry method (25). Occasion- 
ally with cultures grown for long periods of time small but signifi- 
cant reductions in protein content were recorded after inhibition, 
compared to the corresponding control cells. In any case, the 
depression by the drug on methionine uptake was far greater 
than any concomitant decrease in total protein biosynthesis, 
even when allowing, in the latter calculations, for the dilution 
effect in the drug-treated culture by the normal cells formed 
before the addition of 8-azaguanine. A more detailed examina- 
tion of the incorporation of additional protein precursors will be 
described in the following paper (9), in which it is concluded that 
8-azaguanine inhibited the synthesis of protoplasmic protein, 
whereas the formation of bacterial cell wall (a component of the 
“total protein” fraction) continued almost unchanged. 

Illustrative of the directness of the effect was the change in 
methionine content of “total protein.” By bioassay with the 
methionine-requiring Streptococcus strain ATCC 8042, the con- 
tents of t-methionine in wg per 100 ug of total protein were de- 
termined for a control culture and a culture treated with 8-aza- 
guanine. Duplicate measurements were made at five dilutions 
of each hydrolysate. Since both cultures had been grown with 
S*5-methionine, the ratio of uptake of S**-methionine at the same 
turbidity was also calculated, as shown in Table II. It is evi- 
dent that the methionine content of bacterial ‘‘total protein” had 
decreased, in accordance with the extent of depression of the 
incorporation of exogenous methionine. The control values are 
in good agreement with those of Urbd (27) who calculated a 
protein content of 1.4% methionine for a closely related strain 
of B. cereus with the use of a different bioassay. 

Relationship of 8-Azaguanine Incorporation into Polynucleo- 
tides and Depression of Methionine Incorporation into Proteins— 
The participation of RNA and guanosine polyphosphates in pro- 
tein synthesis (6, 7) prompted some comparative investigations 
correlating the role that 8-azaguanine played in antagonizing the 
normal incorporation of methionine during protein synthesis and 
the condensation of the analogue into polynucleotides. 

The incorporation of 8-azaguanine into the RNA of B. cereus 
has already been described (5). Table III shows the extent of 
8-azaguanine taken up into the nucleic acid fraction when cul- 
tures of microorganisms, exposed to varying concentrations of 
8-azaguanine-C™, were grown to identical increases in bacterial 
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cell mass. The depression of methionine-S* incorporation into 
the cells was also determined under identical conditions, and the 
extent of growth inhibition was recorded. 

It is apparent that the biochemical effect on methionine uptake 
was related to the extent of incorporation of 8-azaguanine into 
nucleic acid. At concentrations of analogue (0.5 ug per ml) that 
were just slightly growth-inhibitory, the effects on nucleic acid 
and protein biosynthesis were both observed, and all effects in- 
creased with the concentration of the inhibitor until a maximal 
effect was reached near 20 wg per ml. Higher concentrations 
had little further effect on growth rate, 8-azaguanine incorpora- 
tion into polynucleotides or the depression of methionine incor- 
poration into proteins. It should be emphasized that these asso- 
ciations need not be cause and effect, as discussed below. 

Effect of 8-Azaguanine on the Utilization of Cystine-S**—The 
effect of 8-azaguanine on the utilization of labeled cystine pro- 
vided results qualitatively and quantitatively comparable to 
those with methionine-S**. The reduction in uptake of cystine 
again was localized in the protein fraction, as shown in Table IV. 

Hydrolysis of the protein fraction followed by chromatography 
in Solvent 2 and radioautography indicated that most of the 
radiosulfur was isolated as cystine (plus traces of cysteine and 
cysteic acid), and that the analogue had prevented the conversion 
of exogenous cystine into this constituent of proteins. 

This observation was confirmed by the preparation and isola- 
tion of cysteic acid from bacterial protein. Although this experi- 
ment was difficult to quantitate accurately because of the mi- 
nute amounts of cysteine or cystine present in the bacterial 
proteins, the specific activities of the isolated cysteic acid samples 
and the radioactivity ratios of the cysteic acid prepared from 
the control and drug-treated cultures (0.38) were of the order 
anticipated from the S** uptake studies on cold trichloroacetic 
acid-treated bacterial residues (0.40). 

Examination of radioactivity in the acid-soluble fractions of 
8-azaguanine-treated and control microorganisms revealed that 
the analogue did not prevent the penetration of S** into the cell. 
On the contrary, as is evident from Table IV and Fig. 4, there 
was more radioactivity in the acid-soluble fraction per unit of 
radioactivity in the protein fraction under conditions of inhibi- 
tion. Fig. 4 also shows that the initially high ratios of S** in 
the acid-soluble fraction compared to the proteins gradually 
equilibrated at different values for the two cultures in two sepa- 


| rate experiments, A and B. There was very little inhibition of 


total cellular uptake of cystine-S** for a period during which 
incorporation into the protein fraction was impaired by the drug. 
Thus, there was a relative accumulation of intermediary metabo- 
lites related to cystine in the drug-inhibited cells, probably be- 
cause of the failure to be utilized in protein biosynthesis. 
Chromatography of the acid-soluble fraction in Solvent 1 fol- 
lowed by radioautography revealed a variety of S**-labeled bio- 
chemical intermediates, not all of which were ninhydrin positive. 
The heaviest band could not be differentiated from glutathione. 


| The chromatographic patterns of radioactive metabolites in the 
| two cultures appeared to be identical, implying that 8-azaguanine 


did not affect specifically the biochemical pathways of cystine 
before incorporation into proteins. 

Possible Compensatory Effects Involving Other Sources of Bac- 
terial Sulfur—The possibility existed that whereas 8-azaguanine 
inhibited the utilization of exogenous methionine and cystine, 
other sulfur-containing sources present in the medium might pro- 
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TaBLe II 
Effect of 8-azaguanine on methionine content 
of bacterial proteins 
Bacterial cultures grown with S*5-methionine with and without 
8-azaguanine and harvested at ODso of 0.4. Values have been 
recalculated in per cent of control. 











Control | Treated Per cent of 
cells cells control 

S$*5 incorporated into protein, 

¢.p.m. in cells per ml suspension.| 120 80 67 
Incorporation effect corrected for 

We CUE? «soc nas ck eee 84 
Per cent methionine in proteins 

by bioassay (see text).......... 1.28 1.09 85 














* These calculations allow for the 100% dilution of the inhibited 
culture by control cells present before the addition of the analogue 
and the isotope at ODsao of 0.2. 


TaBLe III 
Dose response relationships with 8-azaguanine 
Generation time was calculated as the number of minutes re- 
quired for the doubling of the turbidimetric reading. The ratio 
of generation times was termed percentage of normal growth. 
The extent of incorporation of 8-azaguanine-C" into the nucleic 
acid fraction and of S**-methionine into proteins was determined 


after allowing all the culture to grow to an identical turbidity 
value. 























- roy. Percentage #-Acaguanine in| $#-methionine 
8-Azaguanine (Generation time of normal nucleic acid, uptake, % of 
growth arbitrary units contro! 
ug/ml min 
0 47 100 0 100 
0.5 71 66 8 96 
1 88 53 17 76 
4 210 22 58 51 
20 300 16 93 30 
50 330 14 100 22 
TaBLe IV 


Characteristic distribution of 8** from 
S*5-cystine in cell fractions 
Legend as for Table I, except that radioactive compound was 
cystine-S*5, 

















Radioactivity 
Control cells 8-Azaguanine cells 
c.p.m. % C.p.m. % 

Saline-insoluble.........| 6700 155.3 5380 124.5 
Cold acid-soluble...... 2390 55.3 3250 75.2 
Cold acid-insoluble...... 4310 (100.0) 2130 49.3 

Alcohol-soluble........ 160 3.7 60 
Hot acid-soluble....... 410 10.5 460 10.7 
Hot acid-insoluble....... 3900 89.5 1670 38.7 











vide alternate biochemical schemes to compensate for the lack 
of direct incorporation of the two sulfur amino acids. Inorganic 
S**-sulfate could not be used in conjunction with the filter mem- 
brane technique, apparently because a trace of radioactive im- 
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Fic. 4. Ratio of radioactivity distribution in the NaCl-washed 
bacterial cell and the cell treated with cold trichloroacetic acid, 
during growth of B. cereus in the presence of cystine-S**, with and 
without 8-azaguanine. Experiment A: O, control cells; @, 8- 
azaguanine-treated cells. Experiment B: 0, control cells, @ 8- 
azaguaniae-treated cells. 


TaBLeE V 


Mizture of compounds replacing casein hydrolysate 
in growth medium of B. cereus 








Amino acid* Grams per liter 
Ce Oe are 0.40 
SS eee Or ere 0.04 
EN edb. 8 0 5 end ca.nk mi esienes 1.20 
t-Glutamic acid............... 0.64 
I os 6 vy. ccnnse eine sseie-di4-e 0.40 
I a core 5.4 44-4buate be s:-0 0.48 
pi-Methionine................ 0.12 
IN ivr cactadiwecane dee! 1.60 
i a 0.24 
Ee ae ee 0.24 
SRS eee 2.00 








* MgCl. replaced MgSO, in equimolar concentration. 


purity became adsorbed on the filters and could not be washed 
off. Fractionation studies revealed that the uptake of SO," in 
the presence of the amino acids was poor and the inhibited cul- 
ture incorporated less radioactivity into protein than did the 
control. Sulfate followed the cystine pathway more than that 
of methionine. 

To exclude the possible compensation by small amounts of 
unknown sulfur-containing peptides that might be present in the 
casein hydrolysate, a completely synthetic medium was devised. 
Table V shows the amino acids that were required for optimal 
growth of B. cereus. Other amino acids normally present in 
casein hydrolysate, as isoleucine, aspartic acid, proline, lysine, 
alanine, and the aromatic amino acids, were not necessary for 
growth, providing glucose was present. In this synthetic me- 
dium, where the only sulfur sources were the two amino acids, 
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the incorporation of both methionine-S** and cystine-S* into B. 
cereus was inhibited by 8-azaguanine, as had been observed in 
the casein hydrolysate medium. 

Since almost all of the cellular methionine is already in the 
protein fraction, redistribution of methionine from some reservoir 
in the cell can be excluded also as a possible mechanism to com- 
pensate for the effect observed. Such redistributions have been 
described for Escherichia coli growing during sulfur deficiency 
(29). The parallelism in the radioactivity distribution in the 
two cultures after labeled cystine, both in the acid-soluble frae- 
tion and the lack of extensive radioactivity in fractions other 
than proteins, implied that for cystine, also, little if any cellular 
redistribution of sulfur had occurred. 

These studies confirmed the previous conclusions that the in- 
terference in the uptake of the exogenous methionine and cystine 
resulted in the formation of a “total protein” fraction relatively 
deficient in the sulfur-containing amino acids. 

Effect of 8-Azaguanine on Other Protein Precursors—The de- 
creased utilization of the sulfur amino acids for protein synthesis, 
not coupled with a corresponding drop in protein content 
prompted a preliminary examination of the drug’s effect on other 
protein precursors, such as glutamic acid-2-C" and acetate-1-C™, 
Results indicated that the drug did not depress the uptake of 
these compounds into the “total proteins” but actually increased 
their utilization, and it appeared at this point that 8-azaguanine 
altered the proportion of amino acids in the total protein fraction 
of B. cereus. In view of the formation of 8-azaguanine-contain- 
ing RNA, and the possible antagonism of the participation of 
RNA and guanosine polyphosphates in protein synthesis, the 
differential effect of the analogue on the utilization of specific 
protein precursors became the next object for study, and will be 
described in the subsequent paper (9). 


DISCUSSION 


The depression in the incorporation of methionine and cystine 
into proteins was greater than that anticipated from the slower 
growth rate of the bacteria inhibited by the drug, since results 
have been expressed according to increase in cell mass rather 
than time. Such a criterion is essential in a description of a drug 
which is inhibitory to the growth process, for reduction in the 
proliferative rate must diminish the rate at which cellular mass is 
being synthesized. Comparisons made after equal increases in 
cell mass (related to cell number (5)) reveal biochemical responses 
differing from effects due to the mere slowing of the rate of cellu- 
lar increase. 

The effect of 8-azaguanine on the uptake of the sulfur-contain- 
ing amino acids needed to be examined carefully to evaluate its 
mechanism. Before it was concluded that the incorporation of 
the amino acids into protein was impeded directly, a series of 
alternatives was examined and eliminated. For example, 
changes in cellular permeability and possible alterations in the 
composition of bacterial medium or cells due to the longer incu- 
bation period of the inhibited culture were found not to play a 
role in the observed effect. Since total protein synthesis con- 
tinued while methionine and cystine incorporation virtually 
stopped, a change in the amino acid proportion of the total bac- 
terial protein was expected and was observed. Thus, it appeared 
that the action of 8-azaguanine involved one or both of the fol- 
lowing alternatives. Protein with improper amino acid composi- 
tion could be synthesized during growth inhibition, or the drug 
produced a selective effect on the formation of certain amino 
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acid-containing compounds in the total protein fraction. The 
action of 8-azaguanine on protein formation was studied further, 
therefore, by examining the incorporation of additional protein 
precursors. In the subsequent paper (9) it has been concluded 
that the drug’s effect on methionine and cystine incorporation 
is characteristic of the depressed uptake of most other amino 
acids tested. In a few cases, however, the uptake into the in- 
hibited culture was found to be greater than that into the con- 
trol, and the final conclusion has been drawn that the utilization 
of amino acids for bacterial protoplasmic protein synthesis is 
curtailed by 8-azaguanine in conformity with the decreased for- 
mation of this cellular constituent, whereas bacterial cell wall 
synthesis continued almost unchanged. 

Reports that 8-azaguanine affected protein biosynthesis have 
appeared in the literature and have been compiled in a recent 
review (30). Among the most pertinent observations is that of 
Creaser (31), who noted that the analogue inhibited the bio- 
synthesis of the inducible enzymes, B-galactosidase and catalase 
in Staphylococcus aureus Dunn. The synthesis of induced and 
constitutive penicillinase was inhibited in B. cereus (11) and the 
formation of extracellular lytic enzyme was prevented in Bacillus 
subtilis by the analogue (32). In the chick embryo the cellular 
degeneration resulting from 8-azaguanine treatment was most 
severe in those regions which normally accumulated methionine 
(33). Simultaneous with the preliminary report on the present 
findings (8), Chantrenne and Devreux (10) observed that 8-aza- 
guanine reduced the utilization of methionine in B. cereus. 

It was not the purpose of these investigations to elucidate the 
metabolic pathway of 8-azaguanine responsible for the effect on 
protein biosynthesis. Previously it was postulated (2) that the 
analogue owed its effect to the formation of a derivative, as aza- 
guanosine diphosphate, which interfered with the cofactors re- 
sponsible for various metabolic reactions. Another possibility 
involved the formation of a particular type of 8-azaguanine-con- 
taining RNA (5) which interfered with the functions expected of 
normal RNA. These mechanisms have been discussed recently 
in greater detail (30). The incorporation of 8-azaguanine into 
RNA and the drug’s effect on protein biosynthesis as compared 
in Table III, need not be related directly and etiologically, since 
undoubtedly other factors are also involved. As a matter of 
fact, considerable evidence has been provided that such a simple 
relationship does not exist (5). These correlations are still under 
investigation. 


SUMMARY 


1. Cultures of Bacillus cereus proliferating in a defined amino 
acid medium incorporated far less exogenous S**-methionine or 
$*-cystine per unit of bacterial mass synthesized, when growth 
was partially inhibited by 8-azaguanine. These effects could be 
reversed by the addition of guanosine. 

2. The observed inhibitory effect of the drug was localized at 
the step of incorporation into cellular proteins. In contrast the 
acid-soluble fraction of the drug-treated cells contained relatively 
large accumulations of the radioactive intermediates present in 
control bacteria. 

3. The effect did not commence instantaneously with the addi- 
tion of the analogue, but was associated with the delay charac- 
teristic of the drug’s effect on the growth rate. The incorpora- 
tion of 8-azaguanine into cellular polynucleotides thus preceded 
the observed effect on the amino acids. 

4. “Total protein” content of drug-treated cells was nearly 
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that of the control cells after similar increases in cell mass, and 
a deficiency of sulfur amino acids in the protein residue was dem- 
onstrated by direct measurement and exclusion of compensatory 
biochemical pathways. At the same time, certain nonsulfur- 
containing protein precursors were incorporated to a greater 
extent by the inhibited cells. 

5. Since the over-all composition of the protein residue from 
bacterial cells grown in the presence of 8-azaguanine differed 
sharply from that of control microorganisms, inhibition by 8-aza- 
guanine apparently involved the synthesis of protein molecules 
with altered composition, and/or produced a selective inhibitory 
effect on the formation of certain amino acid-containing com- 


pounds. Evidence for the latter effect will be described in the 
subsequent paper. 
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The previously reported studies of Mandel and Altman (1) 
with the sulfur-containing amino acids and the observations of 
Chantrenne and Devreux (2) with radioactive methionine, phen- 
ylalanine, valine, and leucine indicated that azaguanine inhibits 
the incorporation of amino acids into Bacillus cereus. However, 
the effect of the drug on the incorporation of acetate (3), glutamic 
acid (3), and aspartic acid (2) seemed to differ from the above 
protein precursors. Since it was thus apparent that not all the 
amino acids were responding in the same way to the drug, a 
survey has been made of the effects of 8-azaguanine on the incor- 
poration of thirteen additional amino acids. 

Most radioactive amino acids were found to be incorporated 
to a lesser extent into drug-treated than control cultures of B. 
cereus grown to the same turbidity. The incorporation of gly- 
cine, glutamic acid, and alanine, however, was greater in the in- 
hibited cells. In addition, growth in the presence of radioactive 
alanine, serine, or aspartic acid led to the appearance of far 
greater amounts of radioactivity in diaminopimelic acid of cells 
treated with 8-azaguanine than of control cells. Since diamino- 
pimelic acid has been reported to be a specific component of 
bacterial cell walls (4-6) and since Chantrenne and Devreux (2) 
have observed that the synthesis of cell wall hexosamine was not 
inhibited by the drug, it became of interest to study in detail 
the possibility that 8-azaguanine produced different effects on 
cell wall synthesis and the synthesis of protoplasmic protein. A 
preliminary report of these investigations has been presented (7). 


EXPERIMENTAL PROCEDURE 


Materials and Methods 


Bacterial Cultures—Bacillus cereus (penicillinase-constitutive 
strain 569H) was grown on a salts-casamino acid medium, as 
previously described (1). 8-Azaguanine was added to exponen- 
tially growing cultures to give a final concentration of 15 wg per 
ml in all the experiments. The drug was added simultaneously 
with the radioactive amino acid when the culture had grown to 
a turbidity of 0.2 measured as optical density at 540 my (ODsu) 
in the Beckman model DU spectrophotometer. The control and 
inhibited cultures were harvested when they had reached an 
ODsa0 of 0.38 to 0.40. 

Chemical Fractionation—Fractionation of radioactive bacteria 
for radioassay was carried out either by the method of Schneider 
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(8) or by the use of collodion membrane filters, as described pre- 
viously (1). The membrane filtration technique has also been 
applied to measure the incorporation of tritium-labeled com- 
pounds, with the use of a gas flow windowless counter (9). 
Chromatographic Solvents—Solvents for chromatography in- 
cluded: (7) isopropanol (170 ml)-concentrated HCl (44 ml)-H.0 
made up to 250 ml (see (1)); (2) methanol-H,O-10 n HCl-pyri- 
dine (80:17.5:2.5:10 volume per volume) (10); (3) sec-butanol- 
90% formic acid—H,O (7:1:2 volume per volume) (11); and (4) 
88% liquefied phenol (Fisher Scientific Company)—H.O-concen- 
trated NH,OH (100:10:0.3 volume per volume) (11). 
Resolution of Components of Protein Hydrolysates—Bacteria, 30 
ml, at ODss0 of 0.4 were extracted with cold trichloroacetic acid, 
ethanol, ethanol-ether (1:1), and hot trichloroacetic acid as de- 
scribed (1), and the residue after extraction with hot trichloro- 
acetic acid (hereafter referred to as “total protein” fraction) was 
hydrolyzed in 6.0 n HCl at 8 pounds per sq. in. for 3 hours in a 
pressure cooker. HCl was removed by evaporation in a vacuum 
over NaOH and P.O; and the residue taken up in water and 
passed through a coarse collodion membrane filter to remove a 
small amount of solid material (“humin”). With each of the 
labeled amino acids used, the radioactivity of this material was 
found to be less than 1 % of the total radioactivity of the hydroly- 
sate. Cummins and Harris (12) have mentioned the presence 
of similar material after HCl hydrolysis of bacterial cell walls, in 
particular with the corynebacteria. The straw-colored filtrate, 
after the removal of humin, was evaporated to dryness once 
more and resuspended in 300 ul of water. Of the resulting 
solution, 100 wl were taken for radioactivity determinations or 
chemical assays and a similar aliquot was chromatographed on 
Whatman No. 1 paper by two-dimensional ascending chromatog- 
raphy in Solvent 3 followed by Solvent 4, essentially as described 
by Roberts et al. (11). Chromatography was carried out in small 
museum jars (25 X 25 X 12 cm). The papers were freed of 
phenol by several washes in acetone, dried at room temperature 
and exposed to blue-sensitive Kodak Medical X-ray film for a 
period of 4 days to several weeks. Radioactive spots were cut 
out and counted directly in a gas flow counter without eluting 
from the paper. They were then put back into position with a 
thin strip of adhesive tape and the paper dipped into a 0.25% 
solution of ninhydrin in acetone and heated for 3 minutes at 120° 
to locate the position of the amino acids. The identity of the 
radioactive spot was then established by the “fingerprinting” 
technique of Roberts et al. (11). The pattern of the major hy- 
drolysis products of the total protein fraction is shown in Fig. 1. 
Hexosamine Determinations—The method of Gardell (13), 
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Fic. 1. Amino acid pattern after two-dimensional chromatog- 
raphy. The position of the various compounds was determined 
by chromatographing labeled amino acids added to unlabeled pro- 
tein hydrolysates. Glucosamine and diaminopimelic acid were 
chromatographed with glutamic acid as reference. Solvent sys- 
tem: sec-butanol-90% formic acid—H.O (7:1:2 volume per volume), 
followed by 88% liquefied phenol-H,O-concentrated NH,OH (100: 
10:0.3 volume per volume). Abbreviations: DAP, diaminopimelic 
acid; GLUNHa2, glucosamine. 
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adapted from the method of Elson and Morgan (14), was applied 
after precipitation of cells with cold trichloroacetic acid and 
hydrolysis of the residue in 6 N HC] in the pressure cooker. 

Protein Determination—Alkali-soluble protein was estimated 
by the method of Lowry et al. (15) after extraction of the total 
protein fraction with 1.0 n NaOH at 70° for 30 minutes and filtra- 
tion through a coarse collodion membrane. Quantitative nin- 
hydrin analyses were done by the method of Harding and Mac- 
lean (16) with pt-leucine as standard. 

Fractionation of Disrupted Bacteria—Since attempts to disrupt 
the cells by treatment with lysozyme or deoxycholate were un- 
successful, the following procedure was adopted. Suspensions 
of cells of B. cereus culture, 45 ml, were grown in the presence or 
absence of 8-azaguanine to a turbidimetric reading of ODs0 of 
0.4 and sedimented at 10,000 x g for 20 minutes in a Servall 
refrigerated centrifuge. The packed cells were washed once with 
growth medium, resuspended in 5.0 ml of 0.9% NaCl and dis- 
rupted in the Mickle apparatus (17) with 3 g of size 10 Ballotini 
beads (0.005 to 0.008 inch) for 1 hour at 4°. The disrupted 
bacteria and Ballotini beads were then filtered through a small 
pad of glass wool which was washed through with 10 ml of cold 
0.9% NaCl. The filtrate was then centrifuged in a Spinco model 
L ultracentrifuge, rotor No. 40. The first centrifuging was at 
12,500 r.p.m. (10,300 g.v) for 20 minutes, and yielded a buff- 
colored striated sediment containing a small amount of grayish 
black material. The resuspended pellet appeared under the 
microscope as a mixture of unbroken cells, assorted cell debris 
and cell walls. The supernatant fraction was then centrifuged 
at 40,000 r.p.m. (105,400 g.v) for 30 minutes, and a very small 
light brown pellet was obtained. The final supernatant was 
then mixed with 0.25 volume of 40% trichloroacetic acid and 1.0 
volume of ethanol. The precipitate was collected after 30 min- 
utes at 0° by centrifuging at 35,000 r.p.m. (80,000 g.v) for 15 
minutes. The fractions were then treated with cold or hot 5% 
trichloroacetic acid, and the residues heated in 6.0 n HCl at 8 
pounds per sq. in. for 2.5 hours in a pressure cooker. The HCl 
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Relative incorporation of radioactivity into inhibited bacterial cells 
grown either for the same period of time or to the same turbidity 
as control cells 


8-Azaguanine and radioactive amino acid added to bacterial 
culture at ODs«o of 0.2. Control cultures grown for 40 minutes 
to an ODs«o0 of approximately 0.38. Inhibited cultures grown 
either (Column I) for 40 minutes (ODs«o approximately 0.25) or 
(Column II) to the same final turbidity as the control culture 
(total incubation time 190 to 240 minutes). 











Ratio of radioactivity in ag = _ 
: ° control culture 
Exogenous amino acid 
I II 
Equal time Equal turbidity 

po Et eee ae 0.75 2.62 
ee 2 i ee, 0.58 2.42 
Giyowme-3-O, ..oo5 oe eden ce 0.52 1.80 
Aspartic acid-4-C'%............ 0.37 1.06 
pi oe a eee eee 0.17 0.50 
Es css ote Go oes 0.16 0.58 











* Uniformly labeled. 


was removed by evaporation under reduced pressure and the 
residue taken up in water for assay or chromatography. 

Radioactive Compounds—Uniformly C-labeled L-arginine, L- 
histidine(ring-labeled)-2-C™, and uniformly C-labeled L-threo- 
nine were obtained from Nuclear Chicago Corporation, Chicago, 
Illinois; pt-alanine-1-C™, glycine-2-C", uniformly C-labeled 
glucose, pL-leucine-1-C', pu-phenylalanine-3-C™, p1-serine-3- 
C™, and pt-valine-1-C“ from Isotopes Specialties Company, 
Inc., Burbank, California; and pL-aspartic acid-4-C™, p1-glu- 
tamic acid-2-C", and pt-lysine-2-C" from Tracerlab, Inc., 
Waltham, Massachusetts. Tritiated diaminopimelic acid was 
kindly furnished by Dr. J. L. Strominger, Department of Phar- 
macology, Washington University School of Medicine, St. Louis, 
Missouri. All radiocarbon amino acids were tested for radio- 
purity by two-dimensional chromatography (Solvents 3 and 4) 
before use. The radiopurity of the tritiated diaminopimelic acid 
was confirmed in Solvent 1. Between 2 and 8 ue of the C“ and 
70 ue of the H* compounds were added per 100 ml of culture. 
From the specific radioactivity of the tracer and the approximate 
constitution of the casein hydrolysate, it was calculated that in 
all cases the amount of carbon-labeled amino acid added was less 
than 1% of that already in the medium. Counting was done 
in a proportional gas flow counter to a standard error of less than 
1%. 


RESULTS 


Effect of 8-Azaguanine on Total Uptake of Radioactivity from 
Labeled Amino Acids—8-Azaguanine severely inhibits growth of 
B. cereus about 15 to 20 minutes after addition of the drug (18). 
As a result of this effect on growth, any biochemical property of 
the cell which proceeds at the same rate as total growth will 
appear to be inhibited when it is plotted against time. A good 
example of the use of time as a parameter giving misleading 
results is shown in Table I. In these experiments, the incorpora- 
tion of several radioactive amino acids was measured for 40 min- 
utes in the presence and absence of 8-azaguanine. As might be 
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1000 F 320 when they had reached the same final turbidity as the controls 00 
14 . . . . . . . ’ amin 
ALANINE-I-C GLYCINE-2-c"*, incorporation of radioactivity from labeled alanine, serine, and fractiol 
glycine was actually greater in the inhibited cultures than in where 
the controls. On this more critical basis, the inhibited cells in. trichlo’ 
corporated about the same amount of radioactivity from labeled the dr 
at | v3 | aspartic acid and far less from valine and arginine than did the} the p 
controls. It is felt by the authors that comparisons of cultures by col 
grown to the same extent rather than for the same time are more acids s 
meaningful. Therefore, it was the general procedure in these indicat 
‘ ‘ 3 ‘ ‘ ; experiments to add tracer and 8-azaguanine at ODs« of 0.2 and to be i 
-_ = 050 «100 «1500 050 «100. 150 to grow both the control and inhibited cultures until the OD, looked 
= had doubled (about 50 minutes for the control, and 190 to 249 acid to 
320 j 200 - a minutes for the inhibited culture). | of pro 
ARGININE-U-c'* LYSINE-2-c'* The progressive effect of the drug on the incorporation of four growtl 
different amino acids is shown in Fig. 2. It can be seen that a gation 
4 marked difference of behavior is observed when incorporation of | © pp 
radioactivity is plotted against increase in turbidity. As had smout 
wer wer been observed previously with methionine-S** and cystine-$*'(1), | rug ¢ 
the inhibitory effects by the drug on the incorporation of arginine of the 
and lysine did not begin until several minutes after the addition O! ar 
of 8-azaguanine. On the other hand, the stimulatory effect on tracte 
, ’ ‘ : : . the incorporation of alanine and glycine was immediate. allel 
° 050 00 180 0 050 100 ~=—.150 obser 
Chemical Fractionation of Bacteria Grown with C™-labeled analog 
LOD s40 phi ; 
; . ; ' mino Acids 10% : 
Fia. 2. Effect of 8-azaguanine on the incorporation of different : aL 
amino acids into the “total protein” fraction of B. cereus. The As is evident from Table I, the analogue exerted a varied | 188°! 
uptake of radioactivity by cells as a function of increase inturbid- effect on the incorporation of the labeled amino acids. Fora hol-so 
ity at540 my (AODsw). Foralanine-1-C' and gly cine-2-C¥ counts more detailed examination of this effect, the chemical fractions chia o 
were done on the residue after extraction of nucleic acids with hot d ’ ; ment 
trichloroacetic acid. With lysine-2-C" and uniformly C-labeled _°f the cell were removed in a stepwise fashion and examined for 
arginine which did not label nucleic acids, the residue after extrac- radioactivity. The results are presented as histograms in Fig, } SP“ 
tion with cold trichloroacetic acid was examined for radioactiv- 3. lipid- 
ity. Counts (¢.p.m.) expressed as radioactivity in bacteria in 1 Extraction with Cold 5% Trichloroacetic Acid—It was found, in | € | 
mi of culture... ©, control culture; @, asaguanine culture. general, that in control pirate the cold acid-soluble fraction Tre 
expected, in every case the uptake of radiocarbon by the drug- contained a small proportion (2 to 5%) of the total radioactivity (8)— 
treated bacteria was inhibited. However, when the inhibited which was somewhat increased in inhibited organisms, although | les 
cultures were allowed to continue growing and were harvested the effects observed were not very consistent. Of the various = 
extra, 
 300(- releas 
al A a 
i A into | 
rs} hibit 
In 
za 
Me . Z with 
= Z . 
© 200+ Z A acid, 
Z the fi 
ue Z 
°o Z estin, 
S Z prea 
arf eS we 
a ae Cr aceti 
@ '00F ZZ ZZ 
cc Z" ZZ the ¢ 
F Z ZZ tide 
2) Z ZZ 
a Z ZZ Ai 
Z diffe 
actin 
[ ALA SER GLY GLU ASP THR LYS VAL ARG PHE LEU 
ig. 
C'4-AMINO ACID the « 
Fig. 3. Distribution of radioactivity in chemical fractions of control and inhibited bacteria. Cells grown from ODs«o of 0.2 to For 
0.4 in presence of radioactive amino acid and fractionated by the Schneider technique (8) with membrane filters. Results ex-} glyc 
pressed as a percentage of the total radioactivity in the cold trichloroacetic acid-insoluble residue of control bacteria. C, com-} ya}; 
trol cells; A, cells grown in the presence of 8-azaguanine; (1, fraction soluble in cold 5% trichloroacetic acid; GZ, fraction soluble in tiie 
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amino acids tested, the highest relative radioactivity in this 
fraction was found after growth in the presence of serine-3-C™, 
where 11% of the total cellular radioactivity was extracted with 
trichloroacetic acid. This proportion usually was enhanced by 
ihe drug. Similar results were found with glutamic acid-2-C™. 
The presence of measurable amounts of radioactivity extracted 
by cold acid from the inhibited organisms with most of the amino 
acids studied, as well as the evidence from the previous paper (1) 
indicate that passage of amino acid through the cell did not seem 
to be impaired by the drug. The possibility should not be over- 
looked, however, that failure on the part of one essential amino 
acid to be transported into the cell could lead to general inhibition 
of protein synthesis. All the amino acids required for optimal 
growth of B. cereus (1) have been examined during these investi- 
gations, however, and no such effect could be demonstrated. 

Extraction by 65% Ethanol for 30 Minutes at 70°—Only small 
amounts of activity were extracted by ethanol and no significant 
drug effects could be noted. The ethanol extracted 14 and 10% 
of the radioactivity from cells grown in the presence of alanine-1- 
C“ and serine-3-C™, respectively. A greater amount was ex- 
tracted from the inhibited than from the control cultures, in par- 
allel with the increased total incorporation of radioactivity 
observed with these two amino acids in the presence of the 
analogue. In experiments with the other amino acids, less than 
10% and usually only 2 to 3% of the total radioactivity was 
dissolved by the ethanol. This low value suggests that alco- 
hol-soluble protein (as described by Roberts et al. (11) in Escheri- 
chia coli) was largely absent from B. cereus, and is also in agree- 
ment with the related observations that of a group of bacterial 
species examined, gram-positive microorganisms contained less 
lipid-soluble material in their cell walls than gram-negative 
ones (19). 

Treatment with 5% Trichloroacetic Acid at 100° for 30 Minutes 
(8)—This reagent extracted little radioactivity (10% of the total 
or less) from bacteria grown with labeled lysine, arginine, leucine, 
phenylalanine, and valine, as shown in Fig. 3. The radioactivity 
extracted by hot trichloroacetic acid was probably due more to 
release of small peptides from protein than to true incorporation 
into nucleic acids, and the amount was not greater in the in- 


| hibited cultures than in the controls. 


In contrast to the above amino acids, however, experiments 
with radioactive alanine, serine, glycine, glutamic acid, aspartic 
acid, and threonine all showed considerable incorporation into 
the fractions extracted by hot trichloroacetic acid. It was inter- 
esting that in every case, the activity in these fractions was 
greater in the inhibited than in the control cultures. The in- 
crease in radioactivity in the fractions extracted by hot trichloro- 
acetic acid in the case of the drug-inhibited culture compared to 
the control undoubtedly is related to the increase in polynucleo- 
tide formation occurring during inhibition by 8-azaguanine (20). 

Analysis of Hydrolysates of ‘“‘Total Protein’? Fractions—The 
differences in the effect of the drug on the incorporation of radio- 
active amino acids are not due completely to differences in the 
extent of incorporation into nonprotein fractions. It is seen in 
Fig. 3 that there is still considerable variation in the effect of 
the drug on the incorporation of amino acids into “total protein.” 
For most of the amino acids examined (arginine, glutamic acid, 
glycine, histidine, leucine, lysine, phenylalanine, threonine, and 
valine), the addition of the labeled precursor led to the appear- 
ance of one major radioactive spot on the chromatogram which 
corresponded in its position to that of the original amino acid 
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Tasie II 
Distribution of radioactivity in hydrolysates of total protein fraction 
of cells grown in the presence of labeled amino acids 
Control and inhibited cultures were grown to identical turbidity 
and equivalent portions of the “total protein’’ hydrolysates 
chromatographed and assayed after autoradiography. 















































Radioactivity (in c.p.m. per spot) in compounds after 
Serine- Aspartic Alanine- | Alanine- 
3-CM acid-4-C« 1-C¥4 1-C 
Isolated compound 
=| as = é inn 
ERA ALILILAE: 
3 3 8 8\é 
Diaminopimelic acid...| 55 |308 | 156 | 505 | 57 | 362| 46 | 23 
Abana eS 95 |255 |(?)26 |(?)56 |867 |2232/900 |870 
Glucosamine. ......... 37 | 90 61 | 175 | 46 | 241) 35 | 53 
Glutamic acid......... 113 |122 94 85 
Sey ee pee eee ee 309 |116 
Aspartic acid.......... 539 | 181 
TaBLeE III 


Variation in response of different amino acids to 8-azaguanine 


Control and inhibited bacteria were grown to same turbidity 
with labeled amino acids and corresponding fractions assayed for 
radioactivity. 











Ratios of radioactivity, 
inhibited culture 
control culture 
Exogenous amino acid amino acd Ratigactive spots 
* Teiso: 
*efraction | from hydrol- 
chroma- 
tography 
Alanine-1-C™............ 2.40 2.59 Several* 
Glutamic acid-2-C'..... 1.21 1.28 Glutamic acid 
Glycine-2-C'4............ 1.22 1.17 Glycine 
Phenylalanine-3-C'..... 0.41 0.75 Phenylalanine 
Histidine(ring)-2-C™%....| 0.55 0.64 Histidine 
Lysine-2-C'4............. 0.51 0.61 Lysine 
Serine-3-C'*............. 1.86 0.38 Several* 
Valine 1s. o. . oct 0.42 0.37 Valine 
Leucine-1-C'%........... 0.31f 0.36 Leucine 
tArginine-C™......°:... 0.37 0.36 Arginine 
Aspartic acid-4-C'*...... 0.96 0.34 Several* 














* See Table II. 

} A value of 1.0 was obtained for the first two experiments but 
four subsequent experiments resulted reproducibly in the value 
shown here. No such variability was observed for any other 
amino acid. 

¢ Uniformly labeled. 


added. After the incorporation of alanine-1-C™, serine-3-C", 
and aspartic acid-4-C™, however, several radioactive spots ap- 
peared on the amino acid chromatograms of both control and 
inhibited cultures. The results of these investigations are shown 
in Table II. The identity of some of the spots was aided by 
chromatography in Solvent 1, whereas Solvent 2 was used for 
the separation of diaminopimelic acid. 

Significant amounts of radioactivity and ninhydrin color ap- 
peared in the spot corresponding in position to diaminopimelic 
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acid, and both radioactivity and ninhydrin color in this spot were 
much greater in the sample from the culture inhibited by 8-aza- 
guanine than in the control hydrolysates. Similar results were 
indicated in the spot identified as glucosamine. The conversion 
of radioactivity from alanine-1-C“ to diaminopimelic acid in the 
inhibited culture appeared to be increased to a greater extent 
than the direct incorporation of alanine. In addition, several 
unidentified metabolites were found, representing 3 and 10% of 
the activity of the known metabolites of the control and inhib- 
ited cells, respectively. The implications of these findings will 
be discussed in detail below. 

For purposes of comparison, information is also included on 
results obtained from an experiment in which another purine 
analogue, 6-thioguanine, was used as the growth inhibitory drug. 
This analogue, which also inhibited the growth of B. cereus, was 
added to an exponentially growing culture of B. cereus to a con- 
centration of 5 wg per ml of medium, and the usual procedure 
was then followed. In contrast to 8-azaguanine, thioguanine 
produced essentially no effect on the incorporation pattern of 
alanine-C“ into the total protein fraction when results were 
compared with a control culture at the same turbidity. On a 
time basis, incorporation of alanine was inhibited to approxi- 
mately the same extent as was growth. 

It is apparent from Table III that, for most of the amino acids 
investigated, 8-azaguanine produced a striking decrease in the 
radioactivity of the amino acids isolated from the hydrolysates 
of the total protein fraction, and the ratio of radioactivities of 
the isolated compounds agreed well with that of the total protein 
fractions. The discrepancy for serine and aspartic acid was re- 
lated to the labeling of other constituents, as described in Table 
II, and these two precursors were also incorporated into the 
corresponding amino acids of the “total protein” fraction to a 
lesser extent in inhibited than control cells. Thus, only the first 
three of the listed amino acids, alanine, glutamic acid, and 





JXMOLES HEXOSAMINE 





° Ou! 
£ 0D 540 


Fie. 4. Effect of 8-azaguanine on bacterial content of hexos- 
amine. 8-Azaguanine added to exponentially growing cells at 
turbidity (ODss0) of 0.2. Assays carried out on residue after 
extraction with cold trichloroacetic acid. The hexosamine con- 
tent in the cells in 1 ml of culture has been plotted in terms of 
increase in turbidity of culture (AODs0). O, control culture; 
@, 8-azaguanine culture. 
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Fia. 5. Effect of 8-azaguanine on the incorporation of diamino- 
pimelic acid-H* into cold trichloroacetic acid-extracted cells. 
Counts in cells per ml of bacterial culture (infinite thickness) 
have been multiplied by turbidity reading and are presented (top) 
in terms of increase in turbidity (AODs«9) and (bottom) in terms of 
time of incubation. 8-Azaguanine added at AOD or time 0. 0, 
control culture; @, 8-azaguanine culture. 


200 


glycine differed appreciably from the others in that their incor- 
poration directly into the “total protein” fraction was increased 
by the drug. 


Effect of 8-Azaguanine on Cell Wall Constituents 


Since alanine, glutamic acid, hexosamine, and diaminopimelic 
acid have been shown to be characteristic components of the cell 


wall of strains of B. cereus (21), and the evidence obtained thus | 


far has consistently shown an increase in the incorporation of, or 
conversion to, these compounds, experiments were carried out to 
measure the effect of 8-azaguanine on the bacterial content of 
hexosamine and the incorporation of diaminopimelic acid. 
Hexosamine Determinations—Cultures were grown to the same 
turbidity in the presence or absence of 8-azaguanine, and the 
hexosamine content measured. The values at turbidity of ODsw 
of 0.4 were 0.0275 and 0.0682 umoles for the cells in 1 ml of sus- 
pension for the control and inhibited cultures, respectively (mean 
of four experiments). These results indicated that more hexos- 
amine was synthesized for the same quantity of new cellular 
matter in the presence of the inhibitor. The hexosamine con- 
tent was also followed during the course of growth, as shown in 
Fig. 4, and it was confirmed that much greater amounts of hexos- 
amine were synthesized per unit increase in cell mass (as meas- 
ured turbidimetrically) in drug-treated than control cultures. 
Since turbidity measurements are related to cell number (18), 
the hexosamine content of cells grown in the presence of 8-aza- 
guanine was clearly greater than that of control cells. 
Experiments with Diaminopimelic Acid—The incorporation of 
tritiated diaminopimelic acid was somewhat slower in inhibited 
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TaBLe IV 
Effect of 8-azaguanine on incorporation of radioactivity 
into bacterial diaminopimelic acid 

Equal volumes of control and inhibited cultures, grown to the 
same turbidity, were extracted and the “total protein” fraction 
was hydrolyzed. Radioactivity was measured after chroma- 
tography of corresponding samples of diaminopimelic acid. 
Solvents described under Methods. 





Radioactivity in 
diaminopimelic acid, 
inhibited culture 
control culture 


Chnemptaamaphie 


Exogenous amino acid sakvents 








Aspartic acid-4-C'*........| 3, followed by 4 2.2 
ES ia 3, followed by 4 6.2 
EI nn nce snc. ge ses 3, followed by 4 5.6 
MOE... ee ces 3, followed by 4 6.3 
Manned... SS 2 4.7 
Diaminopimelic acid-H*....| 1 4.0 








* Uniformly labeled. 


than in control cultures, as may be seen in Fig. 5 (bottom). On 
the other hand, where comparisons were made between cultures 
at identical turbidities, the incorporation of diaminopimelic acid 
by the drug-treated culture was appreciably greater than that 
of the control (Fig. 5, top), the curve resembling that obtained 
with the hexosamine assays. Chromatographic analysis in 
Solvent 1 after growth in the presence of tritiated diaminopimelic 
acid revealed that the radioactivity was found only in the spot 
corresponding to diaminopimelic acid. 

Cultures were also grown in the presence of uniformly C**- 
labeled p-glucose in the synthetic medium described (1), and the 
activity found in diaminopimelic acid isolated from the cells was 
measured. The results of these experiments, together with re- 
sults obtained for the conversion of exogenous alanine-1-C"*, 
serine-3-C™, and aspartic aeid-4-C into diaminopimelic acid 
isolated from the “total protein” fraction are summarized in 
Table IV. 
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In every case, whether the radioactivity was added directly as 
tritiated diaminopimelic acid or whether it was derived from 
other precursors, there was much more radioactivity in diamino- 
pimelic acid of inhibited cultures than in control cultures grown 
to the same turbidity. Since the radioisotopes had been added 
at the same time as the inhibitor, and the turbidity had been 
allowed to double after this addition, the change in total cellular 
content would only be approximately one-half of the isotope 
effect. On this basis, the inhibited cells had about three times 
the content of diaminopimelic acid of the control. 


Fractionation of Disrupted Bacteria 


In order to dissociate cell wall from protoplasmic protein ef- 
fects, bacteria grown to the same turbidity under various speci- 
fied conditions in the presence and absence of 8-azaguanine were 
disrupted in the Mickle apparatus and subjected to a simple cen- 
trifugal fractionation, as described. The distribution within the 
cell fractions of hexosamine, protein, and of radioactivity after 
growth in the presence of radioactive alanine and lysine were 
examined. In addition, the distribution of radioactive diamino- 
pimelic acid derived from alanine-1-C™ was studied by the use of 
chromatography in Solvent 2. The results are presented in Ta- 
ble V. 

The hexosamine and diaminopimelic acid were recovered quan- 
titatively in the sediment after centrifuging at 10,300 x g for 
20 minutes. Microscopic examination of this first fraction re- 
vealed cell wall material in addition to some unbroken cells and 
debris. The ratio of values from inhibited and control cultures 
(B/A, Table V) in this first sediment, in the case of radioactivity 
derived from exogenous alanine-1-C4, was far greater than that 
after growth with lysine-2-C™, and it also exceeded the ratio of 
alkali-soluble proteins. It is important to observe that the stim- 
ulations previously observed in the content of inhibited cells of 
C'-alanine (Table IT), hexosamine (Fig. 4) and diaminopimelic 
acid (Fig. 5) were found only in this sediment, whereas the con- 
tents of radioactivity for the alanine-C™ culture in the remaining 
fractions were actually less in the drug-treated culture than in 





























TABLE V 
Fractionation of bacteria disrupted in the Mickle apparatus 
Alksll-ectebt ee Radioactivity after alanine-1-C'* 
Hexosamine a a 
Fraction No, Total In diaminopimelic acid 
A B B/A A B B/A A B B/A A B B/A A B B/A 
0. Unfractionated dis- 
rupted bacteria...| 100.0 | 254.0 100.0 | 83.0 100.0 | 54.5 100.0 | 346.0 100.0 | 475.0 
1. Sediment after 20 
min at 10,300 gav...| 103.5 | 246.0 | 2.386 | 35.2 | 29.9 55.1 | 34.9 80.0 | 325.0 | 4.06 | 92.0 | 435.0 | 4.71 
2. Sediment after 30 
min at 105,400 gay..| 0.4 2.0 7.7) 9.4 7.3 | 4.4 4.3 2.0 0.0 0.0 
3. Sediment after treat- 
ment of Superna- 
tant 2 with acid 
and ethanol....... 0.0 2.0 44.5 | 34.1 | 0.78 | 34.5 | 13.4 | 0.88 | 16.1 | 12.0 | 0.76 0.0 0.0 
1+2-+ 3 recovery....| 103.9 | 250.0 87.4 | 73.4 | 96.9 | 52.7 100.4 | 339.0 92.0 | 435.0 









































Control and inhibited cultures grown to same turbidity. Equal 
amount in unfractionated disrupted bacteria from control culture. 
A = control cells; B = 8-azaguanine-treated cells. 


XUM 


volumes taken for fractionation. Results expressed as per cent of 


Ratios of values B/A from corresponding fraction printed in roman type. 
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the controls. Thus, in those fractions containing the proto- 
plasmic protein, the drug’s effect on the incorporation of alanine 
resembled that of lysine, in that less incorporation of either amino 
acid into the protoplasmic protein was observed for cultures in- 
hibited by 8-azaguanine. 

It may be concluded, therefore, that disrupted preparations 
of B. cereus contain a fraction generally considered to contain 
cell walls (21), which is rich in diaminopimelic acid, alanine, 
and hexosamine. It is this fraction which was synthesized to a 
far greater extent in cultures of B. cereus growing in the presence 
of 8-azaguanine, in comparison with control cultures harvested 
at the same turbidimetric reading. At the same time, the bio- 
synthesis of protoplasmic protein was profoundly inhibited by 
8-azaguanine. 


Eff ect of Azaguanine on Total Protein Content 


The synthesis of new protein was observed throughout the pe- 
riod of partial inhibition of growth. In three consecutive experi- 
ments with the Lowry technique (15), measurement of drug- 
treated cultures harvested at identical turbidities as controls 
showed depressions of 16, 15, and 2%. Similarly, in seven ex- 
periments with the ninhydrin method of Harding and MacLean 
(16), depressions of 0, 1, 1.5, 2.5, 17, 19, and 20% were observed. 
There was thus some variability in the “protein” content in in- 
hibited cultures grown to the same turbidity as controls, and the 
average depression for all the experiments was 10%. This figure 
is considerably less than the amount one would expect from the 
inhibition in uptake observed with the majority of the radioactive 
amino acids (1). 

Since cell wall constituents give a color with the ninhydrin 
assay, their contribution in the measurement of “true’’ protein 
will increase as inhibition proceeds, and the final results will 
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Fig. 6. Effect of 8-azaguanine on cell wall and protoplasmic 
protein synthesis. The black areas correspond to the relative 
quantities, per bacterial cell, in arbitrary units, of cell wall (above 
line) and protoplasmic protein (below line) at the start of the 
experiment. The shaded areas correspond to new synthesis as 
the cultures (control and 8-azaguanine-inhibited) are allowed to 
grow to the observed turbidity readings after various periods of 
incubation. Radioactivity would be associated only with the 
shaded areas. 
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depend on the exact point at which the cultures were harvested, 
The 10% cell depression in protein content could also be partly 
due to the effect of changes in cell size and shape in the turbidi- 
metric assay. Such cellular alterations have been described dur- 
ing 8-azaguanine inhibition (18). 


Summary of Drug Effects on Cell Wall and Cytoplasmic Protein 


Fig. 6 is a simplified representation of the action of 8-azagua- 
nine on cell wall and protoplasmic protein synthesis. It has 
been assumed: (a) that the inhibited cell had approximately 
three times the cell wall material of the control at ODsq of 0.4 
(Tables IV and V, Fig. 4); and (6) after 20 minutes, the produc- 
tion of new protoplasmic protein per unit increase in turbidity 
was reduced by 85% (1). The ratio of cell wall to protoplasmic 
protein expressed in arbitrary units, has been set at 10 to 100.1 
An exact description of the drug’s action would require accurate 
analyses of the relative and absolute amounts of protein, cell wall, 
and nucleic acids during the entire course of the experiment. 

It will be noticed that when both cultures had grown to ODs 
of 0.4, the total quantities of cellular “total protein’ material 
were approximately equal, but the relative content of cell wall 
and protoplasmic protein was drastically altered. 


DISCUSSION 


Expression of Results—Parameters such as dry weight and 
nitrogen content suffer from the fact that 8-azaguanine produces 
independent changes in the constitution of the cell. The present 
investigations have relied on the comparisons of drug-treated 
and control cells grown to the same turbidity as a convenient 
measure of the drug’s action. Thus, cell wall synthesis appeared 
to be stimulated when considered on an equal growth basis for 
the two cultures, but on a time basis the effect was a slight in- 
hibition. This latter basis of comparison, however, masks the 
fact that the over-all composition of the cell was drastically 
altered by the drug, the inhibited cell having a much higher con- 
tent of RNA (20) and cell wall and a lower content of protoplas- 
mic protein than the control. 

Differential Effect of 8-Azaguanine on Amino Acid Incorporation 
—Part of the variation in behavior of the different amino acids 
resulted from the fact that some labeled compounds, but not all, 
contributed considerable radiocarbon to nonprotein fractions of 
the cell, and that these fractions responded differently to the 
drug’s action than did the protein fraction. For example, a 
large percentage of the total radioactivity in cells grown in the 
presence of glycine-2-C™“ was found to be extracted by hot tri- 


1 The relative ratio of cell wall to protoplasmic proteins was 
calculated as follows. Let z represent the arbitrary units of cell 
wall associated with 100 units of protoplasmic protein in the nor- 
mal cell at the beginning of the experiment. During growth from 
ODs«0 0.2 to 0.4, the total quantity of new material laid down by 
the normal cells will be (z + 100) units. With 8-azaguanine, new 
cell wall synthesis increased approximately 5-fold (Table IV), 
whereas the typical incorporation of most of the amino acids into 
protoplasmic protein was only 0.37 of that of control cells (Table 
III; also (1), Table IV). Therefore, in growing from ODg«o of 
0.2 to 0.4, the new material laid down by the inhibited cells is 
(5 x + 0.37 X 100) units. The total amount in the two cultures 
at ODg4o of 0.4 will therefore be 2 z + 200 in the control and (z + 
100) + (5 x + 37) in the inhibited cultures. From ninhydrin as- 
says the total amount of cell wall plus protoplasmic protein in 
the inhibited culture is 0.90 that of the control. Therefore, 6 z 
+ 137 = 0.9 (2 z + 200) or, z = 10 parts of cell wall for 100 parts 
of protoplasmic proteins. 
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chloroacetic acid under conditions which removed nucleic acids 
(8). Since glycine is known to be incorporated into the purine 
ring, and since azaguanine raises the cellular content of RNA 
(20), it was not surprising, therefore, to find greater radioactivity 
in the extract obtained after hot trichloroacetic acid treatment of 
inhibited cells than in that obtained from control cells. 

Studies on the effect of the analogue on the incorporation of 
amino acids into the “total protein” fraction (i.e. that material 
not extracted by lipid solvents and hot trichloroacetic acid) still 
showed variation in response, however. In the case of several 
radioactive amino acids (alanine, serine, and aspartic acid), part 
of this difference was due to the formation of several radioactive 
products, and the analogue affected the rates of formation of 
these compounds to different extents. The results with aspartic 
acid-4-C™* were of particular interest, since its greater utilization 
for diaminopimelic acid synthesis in the inhibited cells masked 
the depression in the direct incorporation of the amino acid. 
Similar results were obtained with serine-3-C™“. Chantrenne and 
Devreux (2) have mentioned that aspartic acid incorporation was 
inhibited less on a time basis than that of other amino acids, an 
effect they ascribed to the presence of aspartic acid in the bac- 
terial cell wall. In all likelihood, however, their results were 
due to the partial conversion to diaminopimelic acid. The syn- 
thesis of diaminopimelic acid from aspartic acid and pyruvate 
by cell-free extracts of Escherichia coli has been reported by 
Gilvarg (22), and it is probable that conversion of radioactive 
alanine into diaminopimelic acid as observed in the above work 
occurs after deamination to pyruvic acid. 

In addition to the above effects, analysis of the radioactivity 
of individual components of protein hydrolysates after growth in 
the presence of various labeled amino acids (alanine, glutamic 
acid, and to a lesser extent, glycine) still showed differences in 
response to the drug, even though for most exogenous amino 
acids, an inhibition in uptake was observed. 

Cell Wall Synthesis—For equal growth of inhibited and control 
cultures, (a) the incorporation of radioactivity into both glucos- 
amine and diaminopimelic acid from added radioactive alanine, 
serine, aspartic acid, and glucose was stimulated in drug-treated 
cells; (b) the list of those bacterial components which were pres- 
‘ent in greater quantity in inhibited than in control cells (di- 
aminopimelic acid, glucosamine, alanine, glutamic acid, and 
glycine) was strikingly similar to the reported major components 
of the cell wall of strains of B. cereus (diaminopimelic acid, glucos- 
amine, alanine, and glutamic acid) (21); and (c) the stimulatory 
effects with hexosamine, alanine, and diaminopimelic acid were 
restricted to a fraction isolated from disrupted bacteria contain- 
ing cell walls. On a time basis, the incorporation of tritiated 
diaminopimelic acid proceeded at almost the same rate in in- 
hibited and control organisms. Thus, whereas 8-azaguanine pro- 
duced a marked depression of protoplasmic protein synthesis, the 
inhibited cells still had the ability to synthesize the major com- 
ponents of the cell wall quite independently of any effect on 
growth, and the formation of this substance per cell was greatly 
increased. 

At the moment, there is no direct information that the struc- 
ture of the inhibited’ cell wall is completely normal. Not all the 
reported cell wall constituents, e.g. muramic acid (23) or teichoic 
acid (24), have been studied, but several unidentified labeled 
compounds were uncovered after growth with radioactive alanine 
that had greater activity in the inhibited than in the control 
cultures, characteristic of cell wall constituents. 
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Other investigators have also studied the differential effect: of 
8-azaguanine on cell wall and protoplasmic protein. Chantrenne 
and Devreux (2) have already observed that hexosamine syn- 
thesis in control and treated cells continued at equal rates, and 
concluded that cell wall synthesis was unaffected by the drug. 
The present experiments supply the additional evidence needed 
to validate the hypothesis. Similar conclusions have recently 
been suggested by Richmond (25) using Bacillus subtilis. 

Dissociative effects between cell wall synthesis and protoplas- 
mic protein synthesis have been recognized previously. Chlor- 
amphenicol has been shown to inhibit protein synthesis in 
Staphylococcus aureus without affecting cell wall synthesis (26, 
27). Park and Strominger (28) have postulated that penicillin 
inhibited the growth of S. aureus by interfering specifically with 
cell wall synthesis. 

Protoplasmic Protein Synthesis—With the exception of pre- 
cursors for cell wall, all of the amino acids were incorporated into 
the protein fraction of inhibited cells to a lesser extent than into 
that of control cells, comparisons being made on a growth basis. 
On the basis that the incorporation of these amino acids was 
a measure of true protein synthesis, about 85 % inhibition was 
observed once the drug’s action had been initiated. 

It cannot be said whether the uptakes of the various amino 
acids into protoplasmic protein were inhibited by 8-azaguanine 
to precisely the same extent. The small variations that have 
been observed in Tables III and V may be due to slight differ- 
ences in the various experiments in extent of inhibition produced. 
The presence in cell walls of small amounts of amino acids other 
than the major ones described by Salton and Ghuysen (21) may 
raise the relative values in “total protein.” Another possibility 
to account for the observed variation might be that the amino 
acid proportion of the small amount of protoplasmic protein 
that is synthesized under conditions of inhibition by 8-azaguanine 
differs from that of the combined protoplasmic protein. This 
effect could be due to the disproportionate synthesis of normal 
proteins richer in certain amino acids than the average, or the 
synthesis of abnormal proteins. 

It is surprising that many biochemical reactions continue in 
spite of the profound depression of protein synthesis produced 
by azaguanine. The increased formation of polynucleotides (20) 
and cell wall implied that the entire complex of enzymes neces- 
sary for their synthesis from the amino acids of the medium, the 
only source of carbon, still functions actively. One would as- 
sume, thus, that either the enzymes required for these reactions 
are not among those components of protoplasmic protein whose 
synthesis was curtailed, or that intra- or extracellular enzyme 
stores, available in the culture at the time of addition of the 
inhibitor, were adequate to allow synthetic reactions to continue 
for several hours. The recent observations (29) that the “‘cyto- 
plasmic membrane” (30) can still incorporate amino acids after 
separation from the cell suggests that this membrane and cell 
wall may act as an independent replicating system, even when 
most protoplasmic protein synthesis is inhibited. 


SUMMARY 


1. Control cultures of Bacillus cereus and cultures partially 
inhibited by 8-azaguanine were grown to the same turbidity in 
a casein-hydrolysate medium in the presence of radioactive pro- 
tein precursors, and the distribution of radioactivity in the vari- 
ous chemical fractions was analyzed. 

2. The radioactivity in the total protein fraction (i.e. material 
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insoluble in lipid solvents and hot trichloroacetic acid) appearing 
in aspartic acid, arginine, threonine, valine, phenylalanine, leu- 
cine, serine, lysine, and histidine was considerably less in inhib- 
ited than in control cultures, in parallel with the previously ob- 
served decrease in the incorporation of methionine and cystine. 
The formation of protoplasmic protein was sharply depressed 
by 8-azaguanine. 

3. However, the radioactivity appearing in the total protein 
fraction in alanine, glutamic acid, glycine, diaminopimelic acid, 
or glucosamine, either directly after growth in the presence of 
the appropriate amino acid, or indirectly by metabolic conver- 
sion from added C"*-labeled aspartic acid, alanine, or serine was 
considerably greater in inhibited than in control cultures. 

4. The list of substances found to have greater radioactivity 
in inhibited than in control cells agreed strikingly with the re- 
ported constitution of the bacterial cell wall. Differential cen- 
trifugation of disrupted bacteria revealed that the stimulatory 
effects were restricted to the fraction containing cell walls, 
whereas the incorporation of these precursors into the proto- 
plasmic protein fraction was depressed by the analogue. 

5. It was concluded that cells grown during partial inhibition 
by 8-azaguanine had a higher content of cell wall material and 
a lower content of protoplasmic protein than the controls grown 
to the same turbidity. 


Acknowledgment—The authors are grateful to Dr. H. Chan- 
trenne for a personal communication received during the course 
of this work that indicated the importance of studying incorpora- 
tion into bacterial cell wall with certain amino acids. 
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Studies of the metabolism of proline have led to the proposal 
that A!-pyrroline-5-carboxylic acid is an intermediate in the oxi- 
dation and biosynthesis of this amino acid (1-4). However, 
conclusive evidence has been lacking, largely due to the un- 
availability of pure preparations of A!-pyrroline-5-carboxylic 
acid and a consequent paucity of unequivocal data regarding its 
properties. 

Our study of enzymes concerned with the interconversion of 
proline and glutamic acid (5,6) required the preparation of 
A'-pyrroline-5-carboxylic acid in pure form and the determina- 
tion of its stability. We also sought to obtain derivatives useful 
for identification, and to devise methods for its quantitative esti- 
mation. Experimental results dealing with these aspects of the 
problem are reported in the present communication. 


EXPERIMENTAL PROCEDURE 


Dowex 50-X4 (100 to 200 mesh) in the hydrogen form and 
Dowex 1-X8 (200 to 400 mesh) in the acetate form were used 
(7, 8). 

Paper electrophoresis was conducted in the Spinco model R 
paper electrophoresis unit at a constant current of 13 to 15 milli- 
amperes. Three hours usually sufficed to separate the amino 
acids present. Buffer solutions used were: (a) 0.1 m acetic acid, 
(b) 0.1 m pyridine-acetate, pH 4.0, (c) 0.1 m potassium phthalate, 
pH 6.0, (d) 0.1 m potassium phosphate, pH 7.6. Positions of 
amino acids were rendered visible by reaction with ninhydrin 
and identification was made by comparison with authentic sam- 
ples subjected to electrophoresis simultaneously on adjacent 
paper strips. Quantitative estimations of amino acids were 
made as follows. The paper strips were dried at 35°, and those 
areas containing amino acids were cut out and transferred to test 
tubes previously washed with dilute NaOH and deionized water. 
To each tube was added 0.2 ml of 1 n NaOH and the contents 
were heated at 100° for 15 minutes to remove absorbed ammonia. 
One milliliter of water was then added to each tube, the contents 
mixed, and the supernatant solution analyzed with ninhydrin as 
described by Rosen (9). The blank for colorimetry was prepared 
in the same manner with the use of a piece of filter paper cut 
from a strip which contained no amino acid but which neverthe- 
less had been subjected to electrophoresis. Under these condi- 
tions blanks were low, recovery of an added amino acid such as 
glutamic acid was excellent, and color yield was proportional to 
amino acid concentration. 

* This investigation was supported by a grant from the National 
Science Foundation. 
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For spectral studies either the Beckman DU spectrophotom- 
eter or the Cary model 14 spectrophotometer was employed. 
Colorimetric analysis of the reaction product of o-aminobenzalde- 
hyde and Al-pyrroline-5-carboxylic acid was carried out with the 
Coleman Jr. spectrophotometer at a wavelength of 430 mu. 

p-Amino acid oxidase was prepared according to Negelein and 
Brémel (10). 

Preparation of A!-Pyrroline-5-carborylic Acid—y ,y-Dicar- 
bethoxy-y-acetamidobutyraldehyde phenylhydrazone was pre- 
pared according to Moe and Warner (11). This compound, 
10.6 g, was refluxed with 3 ml of freshly distilled benzaldehyde, 
200 ml of 95% ethanol, and 2 ml of glacial acetic acid for 15 to 
25 minutes as described by Vogel and Davis (4). The resulting 
solution was evaporated to dryness in a vacuum at 40° and the 
oily residue was extracted twice with 100 ml portions of water. 
The aqueous solution was evaporated in a vacuum at 40° to 1 to 
2 ml, diluted to 50 ml with 6 n HCl, and refluxed for 20 minutes. 
The reaction mixture developed an orange to brown color. The 
solution at this stage has been reported to contain proline, gly- 
cine, and polymerization products (12), in addition to the desired 
product. Because A!-pyrroline-5-carboxylic acid has been 
reported to be unstable, all subsequent operations were conducted 
at 5-7°. The (50 ml) solution was diluted 6-fold with water and 
passed into a column (120 X 30 mm) of Dowex 50-X4 followed 
successively by 200 ml of water and 200 ml of 0.01 N HCl. Elu- 
tion of the desired product was then begun with 0.5 n HCl; 
about 20 fractions of 50 ml each were collected and aliquots of 
each fraction were analyzed for A!-pyrroline-5-carboxylic acid 
by reaction with o-aminobenzaldehyde (6). The tubes contain- 
ing the product were combined and the contents lyophilized. 
In some instances a light yellow or green color appeared as the 
solution was concentrated; this impurity was removed readily 
by stirring with 500 to 200 mg of Norit A at 5°, and lyophilization 
was then continued. The white solid obtained in this manner 
was removed from the walls of the flask by trituration with small 
volumes of anhydrous acetone, washed several times with small 
volumes of acetone, and dried in a vacuum over calcium chloride. 
The compound, stored over a desiccant at 5°, has been main- 
tained without change for more than 2 years. It is white and 
when heated begins to char at about 150° but does not melt. 

Elementary analysis gave the following values: 


CsHsNO-C1 (149.58) 
C 39.39,1 H 5.28,! N 9.02,! Cl 22.91 


N 9.35, Cl 23.8 
H 5.35, N 9.35, Cl 23.7 


Found: 


Calculated: C 40.1, 


2045 


Che atin 








2046 


Purity—Freshly prepared solutions of A'-pyrroline-5-carbox- 
ylic acid subjected to paper electrophoresis at several different 
pH values revealed three ninhydrin-reactive components, two 
of which always migrated in adjacent bands. The major com- 
ponent of this pair was stained a bright pink by ninhydrin in 
acid solution and the other yellow-grey. As described in the 
section on the ninhydrin reaction (below) the red reaction prod- 
uct probably is due to A!-pyrroline-5-carboxylic acid, and the 
yellow-grey product probably to either a degradation product or 
polymer formed during electrophoresis. When electrophoresis 
was conducted in the cold (7°), only the red reaction product was 
seen. The third component was identified as glutamic acid by 
paper electrophoresis at pH values of 3.1, 4.0, 6.0, and 7.6, by 
paper chromatography with phenol-H,O and by ion exchange 
chromatography on Dowex 1-X8. The concentration of glu- 
tamic acid present was calculated to be no greater than 0.8% 
with the use of a quantitative ninhydrin reaction (9). 

To determine the possible presence of the isomeric A!-pyr- 
roline-2-carboxylic acid, this compound was prepared by incuba- 
tion of pi-proline with kidney p-amino acid oxidase (13) and an 
aliquot subjected to paper electrophoresis. Treatment of the 
paper strip with ninhydrin resulted in the appearance of a purple 
band at a position different from either A!-pyrroline-5-carboxylic 
acid or glutamic acid. Another aliquot was treated with H,O-2 
as described by Meister (14) and subjected to paper electro- 
phoresis followed by reaction with ninhydrin. The band pre- 
viously seen was no longer obtained and a new band was observed 
which migrated at the same rate as y-aminobutyric acid. Reac- 
tion of A!-pyrroline-5-carboxylic acid with H,O, did not result 
in the formation of any y-aminobutyric acid confirming a pre- 
vious report (14). 

For direct measurement of the amount of A!-pyrroline-5-car- 
boxylic acid present, the compound was reduced with a 2- to 4-fold 
excess of either sodium or potassium borohydride at pH 5.0. 
Reduction was complete as judged by reaction with o-amino- 
benzaldehyde (6), and chromatography of the products on Dowex 
1, as well as paper electrophoresis, indicated that proline was the 
only ninhydrin-positive material formed. However, quantita- 
tive proline determination with the use of the ninhydrin reaction 
(15) did not account for more than 80% of theory. It is possible 
that part of the A!-pyrroline-5-carboxylic acid polymerized, and 
that reduction of this polymer by borohydride resulted in a 
proline polymer giving a diminished color yield with ninhydrin 
(16). 

Stability—Although A}-pyrroline-5-carboxylic acid is appar- 
ently stable in the solid form, the compound exhibited unusual 
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Fig. 1. Effect of temperature storage on the stability of A’- 
pyrroline-5-carboxylic acid. Aliquots of 0.1 ml of aqueous solu- 
tions of 0.78 mg per ml of A!-pyrroline-5-carboxylic acid were used 
for the determinations. The lower curve represents data obtained 
with aliquots frozen separately. 


Properties of A'-Pyrroline-5-carboxylic Acid 


TABLE I j 


Stability of A'-pyrroline-5-carboxylic acid in solution as evaluated | 
by chemical and enzymatic methods ; 


For the enzymatic experiments, incubation of aliquots of the 
solution with enzyme and excess DPN was conducted at 28-39? | 
in cuvettes of 1 cm light path. The change in absorbancy at 340 } 
my was followed until the reaction stopped. 

















Solutions maintained at 
Days 3° | 25° -15° 

SEwuo SE 430 | SE AE 430 SE AEan 
0 0.533 0.327 | 0.511 0.264 0.511 0.260 
1 | 0.452 0.268 0.248 0.204 
2 | 0.477 0.274 0.204 0.163 
3 0.453 0.245 0.150 
4 0.429 0.252 0.158 
5 0.146 
6 | 
7 0.530 0.325 0.387 0.250 0.086 0.130 




















features of instability in solution. Studies were made with 
solutions maintained at room temperature (20-25°), 3°, and 
frozen at —15°. Solutions were examined for reactivity with 
o-amino-benzaldehyde and with ninhydrin, for intrinsic spectral 
changes, and for the capacity to reduce DPN as catalyzed by a 
partially purified enzyme obtained from beef liver (5, 17). 

Solutions maintained at room temperature or at 3° were essen- 
tially unchanged in reactivity with o-aminobenzaldehyde whereas 
when stored frozen at —15°, the reactivity decreased about 50% 
in 1 week (Fig. 1). The lability in the frozen state was not due 
to auto-oxidation introduced by alternate freezing and thawing; 
only a 10% loss was observed with a solution of the compound 
frozen and thawed nine times over a period of 2 hours. 

Similar observations were made with the ninhydrin reaction. 
Freshly prepared solutions, or solutions stored for 1 week at room 
temperature or 3° gave a yellow color under the conditions of the 
Rosen method (9). Solutions, frozen at —15° for 1 week, formed 
a purple reaction product with ninhydrin. 

When assayed enzymatically, however, the solutions main- 
tained at room temperature and 3° were also found to differ 
from each other. The data of Table I demonstrate that the 
extent of reaction with DPN decreased much more rapidly than 
the reaction with o-aminobenzaldehyde. Solutions maintained 
at 3° over a 1-week period remained essentially unchanged in the 
ability to react with either DPN or o-aminobenzaldehyde, where- 
as solutions maintained at room temperature (20—25°) lost about 
25% of the reaction with DPN. Solutions kept at —15° lost 
over 80% of the reaction with DPN. 

Spectral changes were also observed to take place in solutions 
kept at room temperature which were more pronounced in the 
solutions stored at —15°. The changes consisted in a decrease 
of absorbancy below 250 my and the appearance of a shoulder 
in the region of 260 to 270 my (Fig. 2b). The absorption spec- 
trum of solutions at 3° remained essentially unchanged when 
compared to freshly prepared solutions (Fig. 2a). 

The results of the experiments with o-aminobenzaldehyde, 
ninhydrin, and DPN suggest that A!-pyrroline-5-carboxylic acid 
undergoes changes in solution to form at least two products. 
One formed at room temperature, as well as at —15°, can react 
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Fic. 2. Spectrum of aqueous solutions of A!-pyrroline-5-car- 
boxylic acid. a, Fresh. b, After storage for 1 week at —15°. Con- 
centration of A!-pyrroline-5-carboxylic acid was 0.77 mg per ml. 


with o-aminobenzaldehyde, indicating retention of the —C=N— 
group but has no, or a greatly diminished, capacity to reduce 
DPN enzymatically. A second product, formed mainly in solu- 
tion frozen at —15°, is characterized by less reactivity with 
o-aminobenzaldehyde and the formation of a purple color with 
ninhydrin indicating that some of the —C—N— groups have 
become actually or potentially a-amino groups. 

Further evidence bearing on the nature of the second product 
was obtained from a study of the reaction with bisulfite by the 
use of iodometric titration of excess bisulfite as described by 
Clift and Cook (18). Aqueous solutions of A!-pyrroline-5-car- 
boxylic acid are presumably in equilibrium with glutamic-y- 
semialdehyde formed by hydrolysis. Fading end points were 
observed with fresh solutions of A!-pyrroline-5-carboxylic acid 
indicating an unfavorable equilibrium for the reaction of the 
potential aldehyde group with bisulfite. Solutions maintained 
at —15° for 1 week or longer, did form a stable bisulfite addition 
product however, the reaction proceeding to about 70% of theo- 
retical, 

The data presented above indicate that during storage at 
-15°, solutions of A'-pyrroline-5-carboxylic acid undergoes 
chemical changes which are expressed as increased aldehyde 
character (reaction with bisulfite) and increased availability of 
a-amino groups (reaction with ninhydrin). It is possible that 
the products formed on storage of solutions of A!-pyrroline-5- 
carboxylic acid are polymers of the parent compound. Schépf 
et al. (19) have described the polymerization of the homologous 
six-membered ring, 2,3 ,4,5-tetrahydropyridine. 

It should be noted that these studies were designed only to 
test the stability of solutions of A'-pyrroline-5-carboxylic acid 
when handled under conditions used in enzymatic studies. 
Since solutions were found to be fairly stable at 3°, no further 
investigation was made of the unknown conditions required to 
stabilize solutions at room temperature or —15°. 

Derivatives—In order to obtain chemical derivatives useful for 
identification and perhaps also for quantitative determination of 
A'-pyrroline-5-carboxylic acid, the products obtained by reaction 
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with ninhydrin, 0-aminobenzaldehyde, and 2,4-dinitrophenyl- 
hydrazine were prepared and isolated. 

Reaction with Ninhydrin—The reaction of cyclic a-imino acids 
with ninhydrin is known to differ from that of a-amino acids. 
With proline, at room temperature and in acetic acid, a yellow 
color Amax 350 my) is formed; a reddish color (Amax 515 my) is 
formed with the same reagent at 100° in 35 minutes (20, 21). 
If the reaction is carried out in neutral solution, the resulting 
compound shows maximal absorption at 550 my (22, 23). 
These compounds have been isolated and structures postulated 
(22-24). 

Experiments on the reaction of low concentrations of A'-pyr- 
roline-5-carboxylic acid with ninhydrin in neutral solutions indi- 
cated the formation of a mixture of components since absorption 
spectra had maxima in the yellow, red, and blue regions. 

Chromatography indicated 2 main products, one (I) absorbing 
maximally at 538 my and the second (II) at 515 my. Best yields 
of I were obtained with the following conditions: 100 mg of A!- 
pyrroline-5-carboxylic acid were added to a solution of 500 mg 
of ninhydrin in 10 ml of 0.05 m potassium phosphate, pH 7.4. 
The solution was adjusted to pH 5.8 and combined with 700 ml 
of benzene previously warmed to 60°. The mixture was stirred 
vigorously for 30 minutes at 60°. The dark red benzene layer 
was separated from the aqueous phase, and extracted four times 
with approximately 150 ml of 0.1 m KHCOseach time (to remove 
II), washed several times with equal volumes of water, and con- 
centrated to 50 ml at 40° under reduced pressure. The solution 
was extracted once more with an equal volume of 0.1 m KHCOs, 
washed with H,O, and evaporated to 5 ml. An equal volume of 
petroleum ether was added slowly and the solution chilled for 
several hours; the red-violet precipitate which formed was sepa- 
rated by centrifugation, washed several times with petroleum 
ether, and dried; yield, 25.6 mg. The compound did not melt, 
but charred on heating. Elementary analysis' gave C 67.40%, 
H 3.91%, N 1.83%. The low value for nitrogen suggests that 
this product may be formed by reaction with ninhydrin of a 
polymer of A!-pyrroline-5-carboxylic acid. If a-amino nitrogen 
is present in the polymer in addition to cyclic imino nitrogen, as 
previously suggested, it presumably would be lost by reaction 
with ninhydrin. 

The absorption spectrum of I in benzene is shown in Fig. 3. 
The maximal absorbancy is at 538 my with a shoulder in the 
region 510 to 520 mu. It is possible that the shoulder represents 
contamination with product II (Amax 515 mp). (See below). 
However, various chromatographic procedures did not raise the 
ratio of absorbancy at 538 my to 515 my higher than 1.9 which is 
the ratio obtained with the sample used for Fig. 3. At 538 mu 
the specific extinction coefficient = 8.5 X 10‘ cm? per g. The 
compound is insoluble in water, and soluble in ethanol, acetone, 
ether, benzene, and chloroform. It appears to be rather un- 
stable, however, in the more polar solvents. Fresh solutions in 
either ethanol or acetone were red with a maximum at 528 to 
538 mu. After standing 1 hour at room temperature the com- 
pound changed from red to yellow, and the absorption maxima 
in the visible region completely disappeared. 

When the reaction with A!-pyrroline-5-carboxylic acid was 
conducted with excess ninhydrin in glacial acetic acid with the 
conditions described by both Chinard (20), and Troll and Lind- 
sley (21) for proline, a product (II) was isolated with an absorp- 


1 These analyses were performed by the Spang Microanalytical 
Laboratory, Ann Arbor, Michigan. 
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Fig. 3. Spectrum of product formed by reaction between nin- 
hydrin and A!-pyrroline-5-carboxylic acid at pH 5.5 to 6.0. 





tion spectrum identical to that obtained with proline Amax 515 
my (20). This product could also be obtained by heating prod- 
uct I in glacial acetic acid at 100° for 1 hour. It was not pos- 
sible, however, to form product I from product II, and no change 
was observed when the neutral condensation product of proline 
was heated in glacial acetic acid. 

From these experiments it was concluded that reaction of nin- 
hydrin with A!-pyrroline-5-carboxylic acid results in formation 
of two main products, the amount of each depending on pH. 
Product I has Amax at 538 my in benzene, and product II is 
identical with that obtained from the reaction in glacial acetic 
acid of proline with ninhydrin. The instability of product I in 
polar solvents presumably results in the yellow nondescript color 
obtained with A!-pyrroline-5-carboxylic acid in aqueous solutions 
and after electrophoresis upon reaction with ninhydrin. 

The reaction of A'-pyrroline-5-carboxylic acid with ninhydrin 
is useful for quantitative determination of this imino acid pro- 
vided that the solutions are free of proline. When the ninhydrin 
reaction was carried out, with the use of the conditions described 
by Chinard (20) with the modification of Piez et al. (15), an 
orange color was obtained, presumably due to a mixture of II 
(above) and decomposition product(s) of I. Proportionality, 
however, was obtained between concentration of A’-pyrroline- 
5-carboxylic acid and absorbancy at 515 my up to about 40 ug 
in 8 ml of reaction solution, with the use of the Coleman model 6 
spectrophotometer (Fig. 4). Under the same conditions proline 
gave about twice the color yield. 

Reaction with o-Aminobenzaldehyde—The reaction of o-amino- 
benzaldehyde with pyrroline compounds described by Schépf et 
al. (25) has been used for the qualitative detection (4) and quan- 
titative determination of A?-pyrroline-5-carboxylic acid (6). 
Our previously reported method (6) has suffered from the lack 
of an adequate standard which was now available in the form of 
relatively pure and stable A!-pyrroline-5-carboxylic acid. Fig. 
5 demonstrates the relationship between the absorbancy at 430 
my and the concentration of A'-pyrroline-5-carboxylic acid when 
the reaction with o-aminobenzaldehyde was conducted as pre- 
viously described (6). 

Preparation of Condensation Product—The condensation prod- 
uct with o-aminobenzaldehyde was prepared and isolated as 
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Fig. 4. Standard curve for the determination of A!-pyrroline-5- 
carboxylic acid by reaction with ninhydrin in glacial acetic acid. 


follows: 50 mg of A!-pyrroline-5-carboxylic acid were added to a 
solution of 100 mg of o-aminobenzaldehyde (26) in 70% ethanol. 
After 1 hour, the resulting deep orange solution was evaporated 
to dryness at 40° under reduced pressure. The orange residue 
was then triturated four times with 3 ml aliquots of water, the 
aqueous solutions combined, and evaporated to dryness at 40° 
under reduced pressure; yield, 75 mg. The compound, a glossy 
orange solid, readily dissolved in water or ethanol but was insol- 
uble in acetone or ether. Solution in ethanol and precipitation 
with acetone or ether resulted in decomposition. The absorption 
spectrum in water is shown in Fig. 6 with maxima at 232 my, 
294 my, and 430 mu. 

Reaction with 2,4-Dinitrophenylhydrazine—The assumption 
that pyrroline compounds are in equilibrium with the aldehyde 
formed by hydrolysis has led to attempts to demonstrate car- 
bonyl group formation in metabolic systems forming pyrrolines 
(2,3). As mentioned previously, a stable bisulfite addition prod- 
uct could not be obtained with fresh solutions of A?-pyrroline- 
5-carboxylic acid. However, an insoluble derivative could be 
formed readily with 2,4-dinitrophenylhydrazine. In a typical 
experiment, 20 mg of A!-pyrroline-5-carboxylic acid hydrochlo- 
ride were added to 12.5 ml of a solution of 4 mg per ml of 2,4- 
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Fig. 5. Standard curve for the determination of A!-pyrroline-d- 
carboxylic acid by the reaction with o-aminobenzaldehyde. 
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Fic. 6. Spectrum of the product formed by the reaction be- 
tween A!-pyrroline-5-carboxylic acid and o-aminobenzaldehyde. 





dinitrophenylhydrazine in 2 N HCl; a yellow crystalline precipi- 
tate immediately formed. 

After standing overnight at 3°, the precipitate was filtered, 
dried in a vacuum, washed several times with ether, and redried; 
yield 32.9 mg. 

Elementary analysis: 


CuHuNs0.Cl 


Found: C 38.20, H 4.20, N 20.10, Cl 9.87 
Calculated: C 38.00, H 4.06, N 20.14, Cl 10.19 


The melting point in a sealed capillary tube was 170-171° with 
decomposition. (It is to be noted that this melting point differs 
from the value of 223° reported by Macholan (27), and of 242° 
by Krebs (13), for the isomeric 2,4-dinitrophenylhydrazone 
hydrochloride of a-oxo-6-amino-valeric acid.) The compound 
is slightly soluble in water and in dilute acid. It is readily sol- 
uble in concentrated acid and in polar solvents and may be 
recrystallized unchanged from methanol-chloroform. The ab- 
sorption spectrum in 0.1 N HCl is typical for 2 ,4-dinitrophenyl- 
hydrazones of aldehydes (28); in 0.1 N HCl maxima were present 
at 333 mu, € = 1.0 X 104, and at 263 mp, e = 1.01 x 104. The 
maxima shift slightly and the absorbancy changes markedly with 
increasing pH; in 0.1 m sodium carbonate, for example, maxima 
are 364 mu and 270 my with e values of 5.2 X 104 and 1.24 x 104, 
respectively. However, there is no indication of absorption in 
the red region when alkali is added, as found for other aldehyde 
2,4-dinitrophenylhydrazones and as reported for pyrroline ob- 
tained by enzymatic oxidation of putresine (29). 


DISCUSSION 


The evidence indicating that A'-pyrroline-5-carboxylic acid is 
an intermediate in the metabolic interconversion of glutamic 
acid and proline has been obtained mainly from experiments in 
vitro with tissue preparations (2, 3) and from nutritional studies 
with mutant strains of bacteria (4). The experimental support 
for the proposed formation of A!-pyrroline-5-carboxylic acid in 
vitro depended on the assumption that the compound spontane- 
ously hydrolyzed to glutamic-y-semialdehyde which then reacted 
with bisulfite and 2 ,4-dinitrophenylhydrazone (2, 3, 30). How- 
ever, fresh solutions of A1-pyrroline-5-carboxylic acid do not form 
stable addition products with bisulfite and the 2 ,4-dinitrophenyl- 
hydrazone described in this paper differs markedly in melting 
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point and solubility from the product previously isolated. The 
reaction with o-aminobenzaldehyde which has also been used for 
identification (4, 6, 14, 30, 11) is not specific (25, 32), and is 
probably not adequate for characterization without comparison 
with the reaction product obtained with authentic preparations 
of A'-pyrroline-5-carboxylic acid. The investigations (4, 5, 30, 
31, 33-35) dealing with the metabolism of A!-pyrroline-5-car- 
boxylic acid have been also handicapped by the use of solutions 
of this compound which were impure and unstable. It is hoped 
that the preparation and description of properties of A!-pyrroline- 
5-carboxylic acid reported here will facilitate further investiga- 
tions of the possible metabolism of this compound. 


SUMMARY 


A! - Pyrroline - 5- carboxylic acid hydrochloride has been 
synthesized and isolated as a white solid which has been kept 
without change for 2 years. The product contained 0.8% or 
less of glutamic acid and could be converted to proline in 80% 
yield by chemical reduction indicating a purity of at least 80%. 
Solutions of the compound are unstable both at room tempera- 
ture and in the frozen state but are relatively stable at 3° as 
determined by both chemical and enzymatic reactions. Reac- 
tion with ninhydrin results in the formation of two products, 
the relative amounts of each depending on the pH of the reaction. 
The 2,4-dinitrophenylhydrazone derivative and the addition 
product with o-aminobenzaldehyde have been prepared. 


Acknowledgment—The experiments were conducted with the 
very capable assistance of Mrs. Judith Sussman. 
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Evidence obtained in studies with Neurospora crassa and Esch- 
erichia coli indicates that tryptophan synthesis proceeds in these 
organisms as follows (2-5): 


Shikimic acid -— anthranilic acid -— 
indole-3-glycerolphosphate — tryptophan 


Indole can enter the pathway between indoleglycerolphosphate 
and tryptophan, either as a growth supplement or accumulated 
product, although it does not appear to be a physiological inter- 
mediate (6,7). The necessity for five carbon atoms to complete 
the pyrrole ring and glycerolphosphate side chain of IGP" sug- 
gested that a pentose derivative might be a substrate for reaction 
with anthranilic acid. The results of isotope experiments em- 
ploying differently labeled glucose were consistent with this sug- 
gestion (8). Enzyme studies with Z. coli extracts indicated that 
the pentose derivative, 5-phosphoribosy] 1-pyrophosphate, served 
as the most efficient source of the five carbon atoms to complete 
the pyrrole ring and glycerolphosphate side chain of IGP (9). 
This latter information led to the suggestion of the following re- 
action sequence as a possible mechanism for the conversion of 
anthranilic acid to IGP (10) (see Fig. 1). An initial pyrophos- 
phorolysis and condensation of PP-ribose-P with anthranilic acid 
would give N-o-carboxyphenyl-p-ribosylamine-5-P (I). By de- 
hydration and an Amadori-type rearrangement, the keto-deriva- 
tive 1-(o-carboxyphenylamino)-1-deoxyribulose-5-P, anthranilic 
deoxyribulonucleotide (II), would be formed. Decarboxylation 
and loss of the hydroxyl group on carbon-2 of the ribulose phos- 
phate side chain of compound III could then yield IGP. As evi- 
dence that this or a similar sequence of reactions is involved in 
tryptophan biosynthesis, Gibson et al. (11) and Doy and Gibson 
(12) have isolated and identified an anthranilate derivative which 
is the dephosphorylated form of II, i.e. anthranilic deoxyribulo- 
nucleoside. This compound was accumulated by Aerobacter aero- 
genes and E. coli mutants blocked in the synthesis of indole and 
tryptophan. This communication will present evidence for the 
enzymatic and chemical synthesis of anthranilic deoxyribulo- 
nucleotide and its conversion to IGP by extracts of EZ. coli and 
Salmonella typhimurium. 


* This study was supported by grants from the National Science 
Foundation and the United States Public Health Service. A pre- 
liminary report of some of this work was presented previously (1). 

t Public Health Service Trainee under Grant No. 2G-158. 

1 The abbreviations used are: IGP, indole-3-glycerolphosphate; 
TPT, Triphenyltetrazolium. 


EXPERIMENTAL PROCEDURE 


Bacterial Strains—The Salmonella typhimurium mutants em- 
ployed were derivatives of strain LT-2, and were obtained from 
Dr. M. Demerec. The £. coli mutants were obtained from strain 
K-12, after treatment with ultraviolet light and penicillin selec- 
tion by the method of Adelberg and Myers (13). Three different 
mutant types were used, and by enzymatic criteria, the S. typhi- 
murium and E. coli mutants appeared equivalent. The probable 
metabolic blocks of the mutants are indicated in the preceding 
reaction sequence. Tryp-3a mutants accumulate anthranilic de- 
oxyribulonucleoside in culture filtrates and their extracts are 
capable of converting anthranilic acid to anthranilic deoxyribulo- 
nucleotide, but not to IGP. Tryp-3b mutants accumulate an- 
thranilic acid. Although their extracts do not metabolize an- 
thranilic acid, they can convert anthranilic deoxyribulonucleotide 
toIGP. Indoleglycerol is accumulated in cultures of Tryp-2 mu- 
tants, and extracts of these mutants can convert anthranilic acid 
to IGP. 

Growth Conditions and Preparation of Extracts—Cells were 
grown in the minimal medium of Vogel and Bonner (14), with 
supplements of 0.005% acid-hydrolyzed casein (neutralized), 
0.16% glucose, and either 2 ug per ml of indole or 5 wg per ml of 
L-tryptophan, either of which supports growth of the mutants 
used. Higher levels of supplements depressed the yields of the 
enzymes and the accumulation of intermediates and derivatives. 
With vigorous aeration at 37°, the growth of the mutants usually 
reached a final density of 10° cells per ml after 12 to 16 hours. 
The bacteria were harvested in a Sharples supercentrifuge and 
the culture supernatant saved if extraction of accumulation prod- 
ucts was desired. The cells were suspended in 0.1 m phosphate 
buffer, pH 7.8, and disrupted by treatment for 15 minutes in a 
10 ke. Raytheon sonic oscillator. Cell debris was removed by 
centrifugation at 144,000 x g in a Spinco model L preparative ul- 
tracentrifuge. The clear supernatant extract was treated with 
solid ammonium sulfate and the fraction precipitating from 0 to 
26% saturation was collected by centrifugation, dissolved in a 
minimum quantity of 0.1 m phosphate buffer, pH 7.8, and dia- 
lyzed against 0.05 m phosphate buffer (pH 7.8) for 3 hours, at 
4°, with one change of buffer. These extracts generally con- 
tained 10 to 15 mg of protein per ml. Protein was determined 
by the method of Lowry e¢ al. (15). 

Acid and alkaline phosphatases were purchased from the 
Worthington Biochemical Corporation. 

Assay Procedures—The incubation mixture contained the fol- 
lowing supplements in a final volume of 0.5 ml: 0.22 umole of 
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anthranilic acid, 0.5 umole of PP-ribose-P, 1 wmole of MgSO,, 20 
umoles of phosphate at pH 8.2, and 0.05 to 0.2 ml of extract, to 
give a final pH of 8.0 to 8.1. Alternatively, 0.5 umole of ribose- 
5-P (Na salt) and 0.75 umole of ATP (K salt) could be substituted 
for the PP-ribose-P. This substitution was routinely performed 
since the extracts used in this study were found to contain con- 
siderable amounts of 5-phosphoribose pyrophosphokinase and in 
no instance did PP-ribose-P synthesis appear to be the limiting 
reaction. 

IGP was estimated after oxidation to indole-3-aldehyde with 
metaperiodate, and the indolealdehyde measured spectrophoto- 
metrically at 290 my assuming an extinction coefficient of 11,400 
(10). 

The disappearance of anthranilic acid in the reaction mixture 
was measured by the decrease of its chracteristic fluorescence. 
In early experiments anthranilate fluorescence was measured with 
a Farrand fluorometer, and later with an Aminco-Bowman Spec- 
trophotofluorometer by the method previously described (10). 

When desired, anthranilic acid was quantitatively (>95%) ex- 
tracted from aqueous solutions, after they had been acidified to 
pH 4.5 with 0.5 m citrate buffer, by 2 to 3 extractions with twice 
the volume of ethyl acetate. In ethyl acetate solutions, anthra- 
nilic acid was identified by its ultraviolet absorption spectrum 
and measured quantitatively with the use of its absorption peak 
at 336 my (12). 

Anthranilic deoxyribulonucleoside was identified spectrophoto- 
metrically by its ultraviolet absorption spectrum (12), and in 
alkaline solutions by its rapid reaction (<1 minute at room tem- 
perature) with triphenyltetrazolium (0.1 ml of 0.5% in CHCls) 
to give a red color. 

Paper chromatography in various solvent systems (described 
in text), with Whatman No. 1 paper, proved to be the only feasi- 
ble method of separating the various anthranilate derivatives 
studied. They were usually identified on chromatograms by 
their fluorescence, reaction with Ehrlich’s reagent, or reaction at 
alkaline pH with TPT, for the deoxyribulose derivative. Com- 
pounds also were eluted from the chromatograms with 0.1 m phos- 
phate buffer, pH 7.7, and the eluate was acidified and extracted 
with ethyl acetate. The various anthranilate derivatives could 
then be identified by spectrophotometric examination of the ethyl 
acetate extracts. Concentrated ethyl acetate extracts of culture 
filtrates from Tryp-3a mutants served as a reference source of 
anthranilic deoxyribulonucleoside. 

Syntheses—PP-ribose-P was prepared by the method of Flaks 
et al. (16). Various glycosides of anthranilic acid were prepared 
following the same general methods (12, 17-19). By refluxing 
alcoholic solutions of the reactants, crystalline derivatives were 
readily obtained; N-o-carboxyphenyl-p-ribosylamine, m.p. 122- 
123° (decomposes), and N-o-carboxyphenyl-p-arabinosylamine, 
m.p. 170-173° (decomposes). These glycosides were converted 
to the Amadori rearrangement products by refluxing in methanol 
in the presence of ethyl] malonate or thioglycollic acid? as a cata- 
lyst. 

Anthranilic deoxyribulonucleotide was synthesized chemically 
by the method described in the text. 

Phenylglycine-o-carboxylic acid was synthesized by a modifica- 
tion of the method described in Beilstein (20). 

2,4-Dinitrophenylhydrazone derivatives were prepared and 
chromatographed as described by Doy and Gibson (12). 

Radioactivity Measurements—C*-containing spots were lo- 


2 J. F. Hodge, personal communication. 
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TABLE I 
Extract mixing experiments 
Anthranilate disappearance and IGP formation by ST (Sal- 
monella typhimurium) and T (Escherichia coli, K-12) extracts in 
reaction mixtures containing anthranilic acid, ATP, ribose-5-P, 
and so forth (see ‘‘Assay Procedures’). The genetic classifica- 


tion of the different mutant types has been previously presented 
(28). 

















Mutant type Strain — sommie 
Tryp-3a ST-2 + = 
| 743 + ~ 
Tryp-3b | ST-16 = a 
T-58 = = 
Tryp-2 ST-19 — = 
T-8 + + 
Tryp-3a ST-2 or T-4-3 
_ +r 
Tryp-3b ST-16 or T-58 
TaBLeE II 


Examination of Tryp-8a reaction mixture 











Treatment of 1.0 ml of reaction mixture | Extract added IGP formation 
mumoles/20 min 
re None 0.0 
I icc ay dis: Cab Airave niece wish is Tryp-3b 39.8 
Ethyl acetate extraction*..... Tryp-3b 38.7 
100° for 15 minutes.......... Tryp-3b 28.1 
ae Sg. Se re Tryp-3b 37.7 
OR mi Ww AOE ok eck Tryp-3b 7.0 








* Reaction mixture acidified to pH 5 with 0.1 Nn HCl, and ex- 
tracted twice with 2 ml portions of ethyl acetate. After removal 
of residual ethyl acetate by bubbling air through the aqueous 
layer of the reaction mixture at 37°, this layer was adjusted to 
pH 7.5 with 0.1 n NaOH before addition of the Tryp-3b (ST-16) 
extract. 

{ Allowed to stand at room temperature for 10 minutes, then 
neutralized to pH 7.5 before addition of the Tryp-3b (ST-16) ex- 
tract. 


cated on paper chromatograms with a windowless gas flow Forro 
Chromatogram Scanner. A Tracerlab thin window gas flow 
counter was used for determining C“ content of materials plated 
on planchets. 


RESULTS 


Extract Mixing Experiments—In an attempt to detect inter- 
mediates in the conversion of anthranilic acid to IGP, a study was 
made of six E. coli and five S. typhimurium auxotrophs which had 
been classified initially as accumulators of anthranilic acid on the 
basis of reaction of their culture filtrates with Ehrlich’s reagent. 
Each grew on minimal medium when supplemented with trypto- 
phan or indole, but not when supplemented with anthranilic 
acid. In view of the probability of a multistep sequence in the 
conversion of anthranilic acid to IGP, it seemed likely that there 
might be several different mutant types among the presumed 
anthranilic acid accumulators. If the mutation in any of these 
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TaBLeE III 
Properties of anthranilic acid and derivatives on paper chromatograms 
Color reactions Rr in solvent system specified 
Compound . No. 2: 
say Triphenyl- a, 
Ebrlich : No. 1: Water-saturated Methe i 
Fluorescence cunpent a 75% Ethanol watenel ane acid Methanol pee: 
(95:5) pH 6.0 (1:2:1) 
es os Sees Blue Yellow _ 0.79 0.88 0.87 
Tryp-3a accumulation product. . is Blue Yellow + 0.70 0.68 0.78 
Enzymatic intermediate after pheophatase 
MI 7 0 th Soe at ee eine Blue Yellow oo 0.72 0.76 
Synthetic intermediate after phosphatase 
NOG 5 ances es eo eee ee Blue Yellow + 0.72 0.68 0.80 
Tryp-3a accumulation product after al- 
kaline hydvolyeies ... . ..). bse ceeeeett Blue Yellow _ 0.85 

















+ Product present in Tryp-3a reaction mixtures. 


twice with twice the volume of ethyl acetate. 


strains resulted in the loss of one of the several enzymatic ac- 
tivities involved in the conversion, then supplementation of an 
extract from one type of mutant with an extract of another type 
of mutant, lacking a different enzymatic activity, might give a 
mixture which was capable of converting anthranilic acid to IGP. 
This possibility was readily tested and the results obtained in 
such “mixing experiments” are presented in Table I. It can be 
seen that although individual extracts of mutants of the Tryp-3 
class could not convert anthranilate to IGP, mixtures of extracts 
from two different mutant types within the class were capable of 
carrying out this conversion. In addition, strains of the Tryp-3a 
type appeared capable of metabolizing anthranilic acid, but not 
to IGP. 

Properties of Tryp-3a Reaction Mixtures—The observation that 
extracts of Tryp-3a mutants cause a decrease of anthranilic acid 
fluorescence, and, when mixed with extracts of Tryp-3b mutants, 
catalyze the conversion of anthranilic acid to IGP, made it prob- 
, able that an intermediate was formed from anthranilic acid by 
the Tryp-3a extracts. To examine this possibility a reaction 
mixture of final volume 25 ml containing 2.5 ml of ST-2 extract 
was incubated at 37° for 35 minutes. The fluorescence decreased 
35% during this period. Aliquots of 1 ml were treated in various 
ways (see Table II), and the treated mixtures then were incu- 
bated with 0.1 ml (about 1 mg of protein) ST-16 extract for 20 
minutes at 37° and assayed for IGP. The results shown in Ta- 
ble II indicate that the Tryp-3a extract catalyzes the formation 
of a heat- and acid-stable, alkali-labile, intermediate. It is not 
removed from the reaction mixture by ethyl acetate extraction, 
under conditions where free anthranilic acid is quantitatively ex- 
tracted. 

Enzymatic Synthesis of Intermediate from Radioactive Substrates 
—Earlier studies had shown that in the conversion of anthranilic 
acid to indole and tryptophan by N. crassa (21) and E£. coli (8), 
the carboxyl group of anthranilic acid was removed. To deter- 
mine whether the intermediate formed by extracts of Tryp-3a 
mutants contained the carboxyl group of anthranilate, an experi- 
ment was performed with C'-carboxyl-labeled anthranilic acid.* 


’ Obtained from Dr. W. H. Langham. 





* Chromatogram sprayed with 0.5% TPT (in CHCl;) and dried in air for 5 minutes, then sprayed with 2 n KOH in 50% ethanol. 
The reaction was recorded as positive only if an intense red color appeared within 2 minutes at room temperature. 


t Solution adjusted to 0.1 N with n NaOH and heated at 100° for 5 minutes, then adjusted to pH 4.5 with 5 n HCl and extracted 


Ethyl acetate extract concentrated by evaporation and applied to chromatogram. 
Similar treatment of anthranilic acid does not change it in any of the properties measured. 


Incubation of the radioactive substrate with a Tryp-3a (ST-2) 
extract did not result in the formation of any C“O: above control 
values, although the fluorescence of anthranilic acid in the reac- 
tion mixture decreased 35%. In this experiment, decarboxyla- 
tion of as little as 5% of the labeled anthranilate should have pro- 
duced readily detectable amounts of C“Ox. 

In other experiments, extracts of Tryp-3a mutants were incu- 
bated in parallel tubes with C'*-carboxyl-labeled anthranilic acid 
or P®-labeled ribose-5-P ‘4 and the reaction mixtures chromato- 
graphed with ascending solvent systems of 75% ethanol or of 
methanol-propanol-water (1:2:1). Exposure of x-ray film to the 
dried chromatogram for 3 to 5 days showed the presence of a 
compound in the reaction mixture which contained both isotopes 
and had a very low Ry value. Treatment of the reaction mix- 
ture with an extract of a Tryp-2 or a Tryp-3b mutant, before 
chromatography, resulted in the loss of most of the C*-label, 
presumably as C“O., and the appearance of a more rapidly mov- 
ing compound, containing P®, in the region where IGP is known 
to appear on chromatograms developed in the same solvents. 
Treatment of the reaction mixture with alkaline phosphatase 
before chromatography caused the disappearance of the low Rr, 
doubly labeled spot and the appearance of a compound contain- 
ing C', but no P®, with an R, slightly lower than that of anthra- 
nilic acid in both solvent systems. In similar experiments, 
Tryp-3b extracts did not appear to act upon the labeled sub- 
strates, and Tryp-2 extracts formed IGP as the only detectable 
product. The results of these experiments indicate that the 
intermediate formed by Tryp-3a mutants contains both the car- 
boxyl carbon of anthranilic acid and the phosphate of ribose-5-P. 

Phosphatase Treatment and Chromatographic Behavior of Inter- 
mediate—Treatment of the phosphorylated intermediate formed 
by extracts of Tryp-3a mutants with acid phosphatase in 0.05 
M acetate buffer, pH 5.0, in the presence of 0.001 m MgCl, yields 
a highly fluorescent material, extractable by ethyl acetate from 
dilute acid solution. Paper chromatography of such ethyl ace- 
tate extracts in various ascending solvent systems allows differen- 
tiation of the dephosphorylated intermediate from anthranilic 


4 Gift of Drs. G. R. Greenberg and D. Goldthwaite. 
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Fig. 1. Proposed mechanism for the biosynthesis of indoleglycerolphosphate from anthranilic acid and PP-ribose-P. Suspected sites 
of enzymatic deficiencies in the mutant strains studied are indicated by the dashed lines (further descriptions in text). 


acid (Table III). In addition to the similar chromatographic 
properties, the phosphatase-treated intermediate gave the same 
reactions with Ehrlich’s reagent and TPT as did the Tryp-3a ac- 
cumulation product. 

Accumulations in Cultures of Mutants—Accumulation of meta- 
bolic intermediates or derivatives formed from intermediates in 
cultures of mutants has frequently been of aid in elucidating in- 
termediary steps in biosynthetic pathways. Doy and Gibson 
(12) have isolated and identified 1-(0-carboxyphenylamino)-1- 
deoxyribulose formed by washed cell suspensions of certain A. 
aerogenes and E. coli mutants blocked in the synthesis of indole 
and tryptophan. It has been found, with the use of paper chro- 
matography, that ethyl acetate extracts of acidified culture fil- 
trates of Tryp-3a mutants contain anthranilic acid and a second 
fluorescing compound with strong reducing activity. The char- 
acteristics of the latter compound (see Table III) are strikingly 
similar to those reported by Doy and Gibson (12) for the Ama- 
dori-rearrangement product of N-o-carboxyphenyl-p-ribosyla- 
mine. The characteristic fluorescence and the production of a 
yellow color with Ehrlich’s reagent suggest the presence of an 
aromatic amine, which is apparently confirmed by the liberation 
of free anthranilic acid upon alkaline hydrolysis. The observa- 
tion of strong reducing activity thus suggests an unsaturated de- 
rivative of anthranilic acid. Filtrates of Tryp-3b mutants did 
not contain this compound, but did contain anthranilic acid. As 
will be seen subsequently, the instability of the second fluorescing 
compound, resulting in breakdown to anthranilic acid, does not 
permit a decision as to whether anthranilate itself is an accumula- 
tion product of Tryp-3a mutants. 

Chemical Synthesis of Intermediate—Reducing sugars react 


readily with a wide variety of amines under relatively mild con- 
ditions. Accordingly attempts were made to synthesize chemi- 
cally an active intermediate from anthranilic acid and ribose-5-P 
under conditions known to favor Amadori-type rearrangements 
(i.e. in the presence of a proton donor) (22). Two millimoles of 
ribose-5-P (Na salt) in 17.3 ml of water were mixed with 2.6 
mmoles of anthranilic acid in 10 ml of methanol, the mixture was 
heated to 70° in a water bath, and 2.5 ml of ethyl malonate were 
added. Heating at 70 to 80° was continued for 30 minutes when 
the reaction mixture became slightly orange. After storage for 
24 hours at 4°, a small amount of an orange oil formed; this ma- 
terial was discarded and 28.3 ml of the residual yellow solution 
were adjusted to pH 5 with n HCl and extracted twice with 25 
ml portions of ethyl acetate. Residual ethyl acetate was aerated 
off from the aqueous layer to provide the “first aqueous solution.” 
Twenty milliliters of distilled water were added to the ethyl ace- 
tate extract, the ethyl acetate was removed from the mixture by 
vacuum distillation, and the resultant aqueous solution was acidi- 
fied to pH 5 and extracted twice with 30 ml portions of ethyl ace- 
tate. Removal of residual ethyl acetate from the aqueous layer 
by aeration gave the “second aqueous solution.” Assay of the 
aqueous solutions by measuring IGP formation with a Tryp-2 
(ST-19) extract showed the presence of 166.9 umoles of inter- 
mediate in the first aqueous solution and 9.4 wmoles of intermedi- 
ate in the second aqueous solution. Therefore, an over-all 8.8% 
synthesis of active material was obtained, based on the limiting 
concentration of ribose-5-P used in the chemical reaction. Most 
reports of glycosylamine synthesis recommend approximately 
equimolar amounts of the reactants. However, we have found 
that 3:1 to 5:1 molar ratios of anthranilic acid to ribose-5-P will 
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Fic. 2. Absorption spectra in 0.05 m phosphate buffer, pH 7.7. 

Anthranilic acid 9 X 10-5 m. Synthetic intermediate 10-* m 
(measured by enzymatic conversion to IGP). 


300 320 340 


consistently give approximately 10% yield of the intermediate, 
which appears to be maximal under the conditions employed. 

Properties of Chemically Synthesized Intermediate—The enzy- 
matic conversion to IGP of chemically synthesized anthranilic 
deoxyribulonucleotide (tested as the aqueous solutions described 
above) has no requirement for ATP, Mgt+, or inorganic phos- 
phate. The reaction proceeds readily in the presence of sub- 
strate, Tris buffer (optimum at pH 8.8),° and enzyme. 

Results of attempted hydrolysis of the synthetic intermediate 
were similar to those recorded in Table II for the enzymatically 
synthesized intermediate, i.e. the compound was acid stable and 
alkali labile. 

Through analysis of the synthetic intermediate, it has been 
possible to demonstrate that 85.5% of the anthranilate rendered 
extractable with ethyl acetate after alkaline hydrolysis existed, 
before hydrolysis, in a state, in which it could be enzymatically 
converted to IGP in the absence of the supplements described 
above. Thus it is unlikely that N-o-carboxyphenyl-p-ribosy]- 
amine-5-P or other acid-labile compounds exist as substrates for 
IGP formation in these chemically synthesized preparations. 

The property of alkaline lability would be expected of a com- 
pound such as anthranilic deoxyribulonucleotide (or deoxyribulo- 
nucleoside). Cleavage of a 1,2-enol such as compound III (Fig. 


| 1) by alkali is generally rapid, and is a characteristic of carbohy- 


drates such as ribulose (23) and Amadori-type compounds (22). 
Acid hydrolysis of arylamine glycosides usually allows recovery 
of both the amine and sugar moieties (24). This was easily dem- 
onstrated by chromatography of an acid hydrolysate of crystal- 
line N-o-carboxyphenyl-p-ribosylamine. Although we have been 
able to show quantitative conversion of anthranilic deoxyribulo- 
nucleotide to anthranilic acid by alkali treatment (as judged by 
spectrophotometric, chromatographic, and microbiological as- 
say), paper chromatograms of alkaline hydrolysates of the syn- 
thetic intermediate have given no evidence for any carbohydrate 
products even after such mild treatment as incubation at room 
temperature for 16 hours in 0.1 m phosphate buffer, pH 7.7. 
Destruction of the carbohydrate portion by mild alkaline hy- 


°F. Gibson, personal communication. 
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drolysis appears to be a rather general phenomenon with Ama- 
dori-type compounds (25). 

In Fig. 2 the absorption spectra of the synthetic anthranilic 
deoxyribulonucleotide and anthranilic acid are presented. The 
shifts in absorption maxima from 240 to 250 my and from 310 to 
320 my are characteristic of similar anthranilate derivatives. 

Treatment of chemically synthesized anthranilic deoxyribulo- 
nucleotide with acid or alkaline phosphatases destroys its ability 
to be converted enzymatically to IGP and the dephosphorylated 
compound thus formed appears to be identical chromatographi- 
cally (see Table III) and spectrophotometrically to that formed 
by similar treatment of Tryp-3a reaction mixtures and to the ac- 
cumulation product of Tryp-3a mutants. 

Attempted Purification of Intermediate—Numerous attempts to 
purify the intermediate, both enzymatically and chemically syn- 
thesized, have met with little success. Some purification has 
been achieved by chromatography of the active intermediate 
with diethylaminoethy] cellulose columns in the chloride form and 
gradient elution with NaCl solutions. Although no satisfactory 
method has been found to purify the aqueous solutions of chemi- 
cally synthesized anthranilic deoxyribulonucleotide, which con- 
tain considerable unreacted ribose-5-P, this has not decreased its 
usefulness as a substrate for IGP formation in the enzymatic as- 
say, since the conversion of anthranilate to IGP in these extracts 
does not appear to be inhibited by excess ribose-5-P. 

Further Evidence on Structure of Intermediate—By the use of the 
phosphate-free accumulation product from culture filtrates or a 
preparation of the intermediate after treatment with phos- 
phatase, it has been possible to prepare chemically 2 stable de- 
rivatives (the 2,4-dinitrophenylhydrazone and phenylglycine-o- 
carboxylic acid) whose properties tend to show identity of the 
anthranilic deoxyribulonucleoside obtained from various sources. 

(a) 2,4-Dinitrophenylhydrazones—Because D-arabinose differs 
from D-ribose only in the configuration of the hydroxyl group on 
carbon 2, the Amadori-rearrangement product of N-o-carboxy- 
phenyl-p-ribosylamine should be identical to that of N-o-carboxy- 
phenyl-p-arabinosylamine. When the rearranged compounds 
were prepared from the corresponding crystalline glycosides by 
refluxing in the presence of a proton donor, e.g. ethyl malonate 
or thioglycollic acid, paper chromatography in solvent systems 
1 and 2 (Table III) was unable to distinguish between the rear- 
ranged products. Since attempts to crystallize the rearranged 
product (i.e. anthranilic deoxyribulonucleoside) were uniformly 
unsuccessful, 2,4-dinitrophenylhydrazones were prepared. 
Three crystalline derivatives were obtained: one from synthetic 
anthranilic deoxyribulonucleotide after phosphatase treatment, 
m.p. 207—221° (decomposes); another from the Tryp-3a accu- 
mulation product, m.p. 213° (decomposes); and a third from the 
Amadori-rearrangement product of crystalline N-o-carboxyphen- 
yl-p-arabinosylamine, m.p. 214° (decomposes). These values 
may be compared with the melting point of 213-215° (decom- 
poses) reported by Doy and Gibson (12). Paper chromatog- 
raphy of these three derivatives and of solutions of other dinitro- 
phenylhydrazones which did not readily crystallize was unable 
to distinguish between the hydrazones prepared from the follow- 
ing sources: Tryp-3a accumulation product, Amadori-rearrange- 
ment product of crystalline N-o-carboxyphenyl-p-ribosylamine 
and crystalline N-o-carboxyphenyl-p-arabinosylamine (rear- 
ranged as described in “Experimental Procedure”), and the prod- 
uct of phosphatase treatment of enzymatically and chemically 
synthesized anthranilic deoxyribulonucleotide. Ry values were 
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somewhat variable from one chromatogram to another, but all 
preparations behaved identically with the crystalline derivative 
of the Tryp-3a accumulation product. 

(6) Phenylglycine-o-carboxylic Acid—As shown in Fig. 3, per- 
iodate would be expected to attack anthranilic deoxyribulonu- 
cleoside at the bonds indicated. Incomplete oxidation might 
give some phenylglycine-o-carboxylic acid since oxidation would 
probably proceed only slowly (if at all) at bond 4 which involves 
a carbon atom substituted with a nitrogen. When the phospha- 
tase-treated enzymatically or chemically synthesized intermedi- 
ate or the Tryp-3a accumulation product was treated with a 
limiting amount of metaperiodate, paper chromatography of 
ethyl acetate extracts of the reaction mixtures showed the pres- 
ence of a fluorescent compound with the same FR as an authentic 
sample of phenylglycine-o-carboxylic acid; this latter compound 
was separable from related compounds by paper chromatography 
in solvent system 3 (Table III). The product of periodate oxi- 
dation also was identified by elution and cochromatography with 
authentic phenylglycine-o-carboxylic acid and by comparison of 
ultraviolet absorption spectra. 

In another experiment radioactive anthranilic deoxyribulonu- 
cleotide was prepared from C"*-carboxyl-labeled anthranilic acid 
by incubation with a Tryp-3a extract. After phosphatase treat- 
ment, the reaction mixture was acidified to pH 4.5 with 5 n HCl 
and extracted twice with twice its volume of ethyl acetate. The 
ethyl acetate was concentrated by evaporation and chromato- 
graphed in solvent system 2 (Table III). Areas corresponding to 
anthranilic deoxyribulonucleoside were eluted from paper chro- 
matograms with 0.1 m phosphate buffer, pH 7.7. The eluted 
nucleoside was estimated after hydrolysis in 0.1 n NaOH for 5 
minutes at 100°, extraction of the liberated anthranilic acid from 
the hydrolysate (pH 4.5) with ethyl acetate, and spectrophoto- 
metric measurement (336 my) of the concentration of anthranilic 
acid in the ethyl acetate extract. Then, to 0.2 to 0.5 umole of 
anthranilic deoxyribulonucleoside were added 50 umoles of ace- 
tate buffer (pH 5.0) and sodium metaperiodate at 5 times the 
concentration of anthranilic deoxyribulonucleoside used. The 
mixture was left at room temperature for 15 minutes, the remain- 
ing periodate was destroyed by addition of 0.1 ml of ethylene 
glycol, and, after acidification with 0.5 ml of 5 n HCl, the reac- 
tion mixture was extracted twice with 5 ml portions of ethyl] ace- 
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TaBLe IV 
Recrystallization of C'*-carboxyl-labeled phenylglycine-o-carbozylie 
acid 
Radioac- 
Recrystallization | ae. st pat yr c.p.m./mg 
| min. 
| mg mg 
Original..........jabout 40.0 35,550 
re 26.1 2.5 2,373 58.7 
Second............ 18.7 2.6 2,456 58.6 
Ce 8.3 2.4 2,240 57.5 
TABLE V 
Efficiency of sugar phosphates in conversion of anthranilic acid to 
IGP 


Assays were performed as described under ‘‘Assay Procedures” 
with variations as noted in the table. 








Sugar phosphate Concentration F temnensanad Pa... 20 
pmoles mymoles/20 min mpmoles/20 min 

Ribose-5-P 0.45 110 138 
0.9 117 142 

1.35 121 144 

Glucose-6-P 1.25 0 0 
2.5 4 0 

3.75 0 1 

Fructose-6-P | 1.0 9 14 
2.0 4 22 

3.0 11 35 











tate. The ethyl acetate extracts were combined in a small 
beaker and evaporated to a small volume (0.2 to 0.3 ml) under a 
stream of hot air, and the residue chromatographed ascending in 
solvent system 3 (Table III). When the chromatogram was ex- 
amined with a radiochromatogram scanner, two labeled spots 
were observed. The faster migrating spot corresponded to an- 
thranilic acid while the slower moving spot had the same R, as 
authentic phenylglycine-o-carboxylic acid. This latter spot was 
eluted with 0.01 m phosphate buffer, pH 7.7, and added to 40 mg 
of unlabeled phenylglycine-o-carboxylic acid dissolved in 1.5 ml 
ethanol by heating. The solution was cooled in an ice bath and 
the phenylglycine-o-carboxylic acid allowed to crystallize. Re- 
crystallization was carried out 3 times and after each crop of 
crystals was obtained, a sample was suspended in 1 ml of dis- 
tilled water, filtered onto paper planchets, dried, and counted for 
radioactivity, after weighing. The data obtained (Table IV) 
tend to confirm the production of phenylglycine-o-carboxylic acid 
upon periodate oxidation of anthranilic deoxyribulonucleoside. 

Hexose Phosphates as Substrates for IGP Formation—In view 
of the several reports of the isolation of N-fructosyl anthranilie 
acid from culture filtrates of bacterial and yeast mutants blocked 
in the synthesis of tryptophan (26, 27), glucose-6-P and fruc- 
tose-6-P were tested as substrates with anthranilic acid for the 
formation of IGP by partially purified (26% ammonium sulfate 
fraction of crude extract) Tryp-2 extracts. Results of one such 
experiment, presented in Table V, indicate that these hexose 
phosphates do not readily substitute for ribose-5-P in the enzy- 
matic synthesis of IGP. The low activity of fructose-6-P may be 
due to its conversion to ribose-5-P by the relatively crude ex- 
tracts employed. 
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DISCUSSION 


Auxotrophic bacteria blocked at different metabolic steps in a 
biochemical sequence have proved to be a useful tool for the re- 
constitution in vitro of a biosynthetic sequence. The observa- 
tion that complementary enzymatic activities could be detected 
from seemingly similar mutants (i.e. anthranilic acid accumula- 
tors) has led directly to the isolation of a new intermediate in 
tryptophan biosynthesis. It would seem likely that a similar 
approach might prove fruitful in investigations of other biosyn- 
thetic pathways for which different mutant types are available. 

The conversion of anthranilic acid to IGP represents an in- 
teresting series of chemical events. Reaction of PP-ribose-P 
with various amines has been demonstrated in a number of bio- 
chemical reactions. Logically, the initial product of the conden- 
sation of anthranilate and PP-ribose-P would be N-o-carboxy- 
phenyl-p-ribosylamine-5-P. By analogy with the corresponding 
dephosphorylated derivative, this compound would be so unsta- 
ble as to preclude its accumulation and ready isolation. The iso- 
lation of the Amadori-rearrangement product of the ribosyla- 
mine-5-P appears to be the first evidence for an enzymatic 
conversion of an aromatic ribonucleotide-type compound to a 
1-deoxy ,2-keto compound (or its epimeric 1 ,2-enol) by an Ama- 
dori-type rearrangement. As suggested by Hodge (22), there 
still remains the possibility that an alternative reaction sequence, 
in which enolization of the aldose precedes condensation with the 
amine, may be involved in Amadori-rearrangement reactions. 
However, since there is no direct evidence favoring this alternate 
mechanism, and the rearrangement is readily accomplished with 
the parent glycosylamine as the substrate, it appears more likely 
that the initial condensation of aldose and amine leads to gly- 
cosylamine formation. Amadori-type compounds have been sus- 
pected to be involved in nonenzymatic browning reactions and 
have been demonstrated by Gottschalk (25) to be constituents 
of physiologically important mucoproteins. 

Since as yet only 2 types of mutants blocked in the conversion 
of anthranilic acid and PP-ribose-P to IGP have been detected, 
it is possible that the conversion may be carried out by only 2 
enzymes: one responsible for the synthesis of 1-(0-carboxyphen- 
ylamino)-1-deoxyribulose-5-P from anthranilic acid and PP-ri- 
bose-P, and the other capable of converting the intermediate to 
IGP. This latter reaction is similarly of interest since it involves 
a decarboxylation and the formation of a pyrrole ring. A de- 
carboxylated derivative does not appear to be a free intermediate, 
however, since an Amadori-type compound synthesized from 
aniline and ribose-5-P by a procedure similar to that used in syn- 
thesizing the active intermediate could not be enzymatically con- 
verted to IGP. Paper chromatography after phosphatase treat- 
ment of this derivative gave a spot with strong TPT reactivity.® 

Participation of hexose 6-phosphates, and the formation of a 
hexose-anthranilic Amadori-type compound in the conversion of 
anthranilic acid to IGP, does not appear to occur in the extracts 
used in this study. Thus reports of the isolation of N-fructosyl 
anthranilic acid from tryptophan auxotrophs of yeast and bac- 
teria (26, 27) may indicate that anthranilic acid can participate 
in reactions which do not lead to tryptophan synthesis. 


SUMMARY 


1. Two types of Escherichia coli and Salmonella typhimurium 
mutants have been found to be incapable of converting anthra- 


® Unpublished observations. 


O. H. Smith and C. Yanofsky 


2057 


nilic acid to indole-3-glycerol phosphate in the presence of 5- 
phosphoribosyl 1-pyrophosphate (or adenosine triphosphate and 
ribose 5-phosphate). However, mixtures of extracts of the two 
types can carry out the conversion. 

2. Extracts of members of one type of mutants have been 
found to catalyze a reaction between anthranilic acid and 5- 
phosphoribosyl 1-pyrophosphate to form a compound which is 
converted to indoleglycerol phosphate by extracts of mutants of 
the second type. Extracts of this latter group do not catalyze 
the formation of any intermediate from anthranilic acid and 5- 
phosphoribosyl 1-pyrophosphate. 

3. The intermediate has been synthesized chemically from 
anthranilic acid and ribose 5-phosphate. Although neither this 
chemically synthesized compound nor the enzymatic intermedi- 
ate has been isolated in pure form, various lines of evidence sug- 
gest that both compounds are 1-(0-carboxyphenylamino)-1-de- 
oxyribulose 5-phosphate. 
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The amidine carbon atom (C-2) of t-histidine is known to be 
an efficient metabolic precursor of single carbon units. Fol- 
lowing the administration of t-histidine-2-C™, the radioactivity 
has been found in CO, and urea, in carbons 2 and 8 of purines, 
in the hydroxymethyl group of serine, and in choline, and crea- 
tine (1-4). The major pathway of histidine degradation which 
involves deamination to urocanic acid and finally, cleavage of 
the ring to formiminoglutamic acid (5-7) has been assumed to 
be the sole means of liberation of this carbon atom for “1 carbon 
metabolism.” The liberation of the single carbon unit can be 
accomplished by transfer of the formimino group to tetrahydro- 
folic acid. The formimino moiety is ultimately transformed 
into the formyl group of N?°-formyltetrahydrofolic acid (8, 9). 

Folic acid or vitamin B,-deficient rats excrete large amounts 
of formiminoglutamic acid in the urine (10, 11). In the more 
recent study (11), the basal diet employed was limiting in the 
sulfur amino acids (9% casein). The addition of excess methi- 
onine to the diet, in the absence of either folic acid or vitamin 
By, significantly reduces urinary formiminoglutamic acid (11). 
The studies reported in this paper were prompted by this finding 
and were designed to clarify the nature of this effect. These 
studies show that radioactive CO, (derived from carbon 2 of 
histidine) is greatly increased following the administration of 
excess methionine to the deficient animal. Furthermore, the 
evidence presented is consistent with the view that methionine 
does not divert histidine metabolism from the urocanic acid 
pathway, but exerts its influence at the level of formiminoglu- 
tamic acid. 


EXPERIMENTAL PROCEDURE 


Materials and Methods 


Diets used (11) were modified to contain 0.2% added t-histi- 
dine monohydrochloride and 100 ug of vitamin By: perkg. Male 
rats of the Sprague-Dawley strain were fed the experimental 
diets after weaning. 

Uniformly labeled radioactive t-histidine-C (0.21 we per 
umole) was purchased from Schwarz Laboratories; L-histidine- 
2-C™ (3.56 uc per umole), sodium formate-C™ and L-serine-8- 
C™ were purchased from Nuclear-Chicago. They were used 
without further purification. Uniformly labeled C'*- and 2-C**- 
urocanic acid were formed enzymatically from their respective 
histidines (12) without dilution of specific activity. They were 
purified by fractionation on Dowex 1-acetate columns with gra- 


* Present address, Institut Pasteur, Paris, France. 


dient elution; the eluant was prepared by allowing 0.5 N acetic 
acid to drip into a reservoir containing 200 ml of water (13). No 
radioactive contaminants in these preparations could be detected 
by the isotope dilution technique (14), or paper chromatography 
with radioautography. 

Dimethylacetothetin was the gift of Dr. W. Klee. 
compounds were obtained commercially. 

Collection of Respiratory C'*O.—Rats treated by injection intra- 
peritoneally with histidine-C™ or urocanic acid-C™ contained in 
a volume of 0.5 to 1.0 ml were placed in a metabolic chamber 
and the CO, collected for 4 hours in 50 ml of 10% NaOH. The 
exact volume was recorded and aliquots assayed in duplicate 
for radioactivity, with a modification of the method of Pass- 
mann et al. (15). For each determination an aliquot (0.2 ml) 
of the above absorbing solution was pipetted into a single armed 
Warburg flask (14/26 joint), the mouth of the main compart- 
ment was fitted with an air tight rubber sleeve injection stopper, 
and the side arm was stoppered with a small cork following the 
addition of 0.5 ml of hyamine (15). With the flask sealed, 1 ml 
of 5 N H.SO, was injected through the rubber stopper and the 
flask gently shaken for 2 hours. The absorption of CO, in the 
hyamine was complete in 60 minutes. The hyamine was then 
transferred to a counting vial and the side arm rinsed three times 
with 0.5 ml of toluene. These washings were added to the vial 
with 10 ml of phosphor and the solution counted in a Tri-Carb 
liquid scintillation spectrometer. Duplicate samples generally 
agreed within 10%. If there was more than 20% disparity, 
the radioactivity in the NaOH solution was re-assayed in dupli- 
cate. After the injection of histidine-2-C™, radioactivity in the 
respiratory CO reaches a peak between 1 and 2 hours, and about 
50% of the cumulative 24-hour CO, is exhaled in the first 4 
hours after injection. 

Assay of Urinary Metabolites—Formiminoglutamic acid: 
This compound was determined by a previously employed pro- 
cedure (16). The volumes of reactants were reduced to one- 
fourth. 

Formiminoglutamic acid-C': The assay for this metabolite 
has been described (13, 14), and consists of determining the C“ 
lost after the urine sample is heated in NH,OH and then in 
formic acid. Essentially only the C4 from the formimino group 
is volatilized under these conditions; less than 5% of the loss in 
activity is contributed by C™“ from carbonate and formic acid in 
the samples. 

Hydantoin propionic acid-C'*: About 50 mg of carrier I- 
hydantoin-5-propionic acid were added to 5 ml of urine. This 
solution was then passed through a Dowex 50-H* column (10 X 
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1 cm), the column effluent was evaporated to dryness, and the 
hydantoin propionic acid recrystallized to constant specific ac- 
tivity from water and from ethanol-benzene (14). 


RESULTS 


It was of primary interest to determine whether or not the 
action of methionine in reducing the excretion of formiminoglu- 
tamic acid was associated with the release of carbon 2 of histidine 
asa “C-1 unit.” The urine from a folic acid- and a vitamin Bj>:- 
deficient rat, both of which had been fed their respective diets 
for 5 weeks after weaning, was collected for 18 hours. The 
formiminoglutamic acid was determined (16) and the values 
were corrected for 24 hours. Immediately following the urine 
collection, the two deficient rats were injected (in the morning) 
with 3.1 ue (0.87 pmole) of t-histidine-2-C™ and the respiratory 
CO: was collected for 4 hours and assayed for C“ (Fig. 1). This 
sequence of urine collections, histidine injections, and CO, col- 
lections was repeated for a period of 28 days. After the CO, 
collection of the second day, the diets were supplemented with 
1% u-methionine. Following the administration of this amino 
acid, there was a decrease in the excretion of formiminoglutamic 
acid and an increase in the respiratory C“O2. After the CO, 
collection on the ninth day, the excess methionine was removed 
from the diet. The radioactive COz values returned to low 
levels and the urinary formiminoglutamic acid increased. On 
the 22nd day, the rats were treated by injection intraperitoneally 
with a solution of 50 mg of t-methionine 15 minutes before the 
injection of the radioactive histidine. There was a marked in- 
crease in C'Oe and a significant drop in urinary formiminoglu- 
tamic acid. By the following day, the CO. and formiminoglu- 
tamic acid values had returned to basal levels. Subsequent 
“preinjections” of 50 mg of t-homocysteine, glycine, or L-serine 
were without effect on the respiratory C“O2.. Homocysteine, 
however, did decrease the urinary formiminoglutamic acid of 
both rats whereas serine caused an increase in the folic acid- 
deficient rat. The marked variability in CO, excretion during 
the period in which excess methionine was added to the diet can 
probably be explained by the levels of circulating methionine at 
the time of radioactive histidine injection. Since the fate of 
carbon 2 of histidine is so radically altered by a “preinjection” 
of methionine, it can be assumed that rats which had ingested 
larger amounts of the diet containing excess methionine just 
before radioactive histidine injection would convert more of the 
carbon 2 to COs. 

A vitamin B,2-deficient rat excreting formiminoglutamate was 
fed a diet supplemented with 1% t-methionine for 24 weeks 
before the initiation of a similar study. The results shown in 
Fig. 2 demonstrate that there is a marked ‘methionine effect.” 
After the second day, the excess methionine was removed from 
the diet and the CO, dropped to low levels. Following the 
CO: collection on the fourth day, supplementation of the diet 
with vitamin By caused a reversal of the deficiency. This is 
demonstrated by an increase in CO, and a decrease in urinary 
formiminoglutamic acid. At days 14 and 15 when there was no 
longer any demonstrable deficiency, the rat was treated by “‘pre- 
injection” with 25 and 50 mg of t-methionine, respectively. 
Instead of the stimulation of C“O, excretion that occurs when 
deficient rats are given methionine, there was a slight decrease. 
This depression of radioactive CO production in normal rats 
was verified in subsequent experiments. 

Localization of the Methionine Effect—A study in vivo was done 
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Fic. 1. The effect of methionine on the urinary formiminoglu- 
tamic acid and the respiratory CO, derived from L-histidine-2- 
C* in a folic acid-deficient rat and a vitamin Bi2-deficient rat. 
See text for details. 


to localize the step at which methionine influenced histidine 
metabolism (Table I). On the first day, two vitamin B,:-defi- 
cient rats which were excreting about the same amount of form- 
iminoglutamic acid were treated by injection with urocanic 
acid-2-C™ and histidine-2-C™, respectively. On the second day, 
each rat was treated by injection with 50 mg of t-methionine 15 
minutes before another injection of the radioactive urocanic acid 
or histidine. Urine was quantitatively collected under toluene 
for each 24-hour period and analyzed for total C™ content, 
formiminoglutamate-C™, and hydantoin propionate-C%. The 
above sequence of injections was repeated several days later and 
CO: collections were made. The total urinary C“ is markedly 
decreased by methionine. Moreover, this decrease can be at- 
tributed largely to a reduction in formiminoglutamic acid, since 
the values for total urinary radioactivity minus radioactive 
formiminoglutamic acid are virtually unaltered by injection of 
methionine. Methionine must then be exerting its effect some- 
where along the urocanic acid pathway. 

When, several days later, the sequence of injections was re- 
peated using uniformally labeled urocanic acid or histidine and 
the total radioactivity of the urine was measured, it became ap- 
parent that methionine depressed the urinary radioactivity of 
both types of labeled urocanic acid or histidine to approximately 








2060 


























Hi T T T T t T T ] tT 1 ' | T 
a 
3 
= WwW 
=x Zs 
t ie) 
=/r £5 
wae rw 
re} o|;w > e 
Tl Slela z= a) 
= — + 
Jie] Ww a ao = 
= = 2 lis Ee on 
ee Boe Be ae ltEX< 
a°O =!10o ao 
g8i0/ 8) a8 MW b8g 
OF n n= 
w— Sra , 4A40H= 
22 | ; ed 
=wW 6 } 4730m2 
at j LO 
= bee Q 
wa 4 ! 20s 
Ox f ec 
Cui 2r en loans 
a 
a. re eS a a ee ee = 
ee” <2 "s+ "S$ 8 10 12 14 oO 


DAY 

Fig. 2. The reversal of vitamin B:2 deficiency measured by uri- 
nary formiminoglutamic acid excretion and expired C!4O2 derived 
from L-histidine-2-C'*, This vitamin Bi2-deficient rat was treated 
by injection with 1 we (0.28 umole) of L-histidine-2-C™ after each 
18-hour urine collection and the CO: was collected for the 4 hours 
after the injection. The injections of methionine were made 15 
minutes before that of labeled histidine. Before the experiment, 
the animal had been fed the deficient diet for 9 weeks and the same 
diet supplemented with 1% of t-methionine for 2} weeks. The 
“complete diet’’ contains vitamin Bi: but is not supplemented 
with methionine. 


the same extent (Table I). Consequently, the metabolism of 
these compounds does not cease with the selective removal of 
carbon 2 and the subsequent urinary excretion of the resulting 
products. Instead, the other 5 carbons of formiminoglutamic 
acid are also metabolized. Hydantoin propionic acid is formed 
by an enzymatic oxidation of 4(5)-imidazolone-5(4)-propionic 
acid (14), the biological intermediate between urocanic and form- 
iminoglutamic acids. Only a small amount of the hydantoin 
is made normally by the rat and its formation depends upon the 
available imidazolone propionic acid (cf. Table I (14). If me- 
thionine interfered in any way with either the synthesis or the 
accumulation of the intermediate, hydantoin propionic acid for- 
mation should be decreased. Since the per cent of the injected 
dose of either histidine or urocanic acid that is excreted as hydan- 
toin propionic acid (Table I) is not greatly altered under condi- 
tions where formiminoglutamic acid excretion is markedly re- 
duced, it can be assumed that methionine does not alter the 
urocanic acid pathway at the levels of urocanic acid or imidaz- 
olone propionic acid. Thus, methionine appears to influence 
histidine and urocanic acid metabolism at the formiminoglutamic 
acid level. Attempts to measure the amount of free glutamic 
acid-C™ in the urine of rats given the uniformly labeled C™ 
compounds were complicated by the slight hydrolysis of the 
formiminoglutamic acid-C' in the sample. However, values 
for glutamic acid-C™ obtained by the addition of carrier glu- 
tamic acid, fractionation on Dowex 1 (17) and subsequent iso- 
lation and recrystallization from water-acetone were all less 
than 0.3% of the injected radioactivity. There was no evidence 
for increased values in the urines of rats “pretreated” with me- 
thionine. 
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TABLE I 
Effect of t-methionine on the excretion of C\4 urinary metabolites and 
C40. in vitamin Bi2-deficient rats treated by injection with 
radioactive histidine and urocanic acid 














Values are a as per cent of 
injected radioactivityt 
Rat Compounds injected* ‘ 
ree radio. | ‘ino. |Hydantoin 
activity | glutamic a CO: 
in urine ach 
A | Urocanic acid-2-C™% 79.4 50.8 0.4 3 
A | Urocanic acid-2-C' + | 38.7 15.5 0.3 53 
L-methionine 
B | t-Histidine-2-C 27.8 15.9 0.5 13 
B | t-Histidine-2-C'* + L- 14.9 2.2 0.6 12.8 
methionine 
B | Urocanic acid-U-C'4 67.7 - 0.6 — 
B | Urocanic acid-U-C'% + | 34.6 _— 0.3 _ 
L-methionine 
A | t-Histidine-U-C™% 23.3 — 0.2 — 
A | u-Histidine-U-C™ + L- 9.3 _ 0.2 os 
methionine 




















* Urocanic acid-2-C™ (2.3 ue, 0.65 wmole), t-histidine-2-C¥ 
(2.3 we, 0.65 wmole), urocanic-U-C™ (0.7 uc, 3.3 wmoles), and 
L-histidine-U-C'* (0.7 ue, 3.3 wmoles) were injected intraperi- 
toneally. Fifty milligrams of t-methionine dissolved in 1 ml of 
H.O were used. 

+t The values given refer to the C'4 content of metabolites in 
urine collected for the 24-hour periods after the first set of in- 
jections of each labeled compound and to respiratory CO, col- 
lected for the 4-hour periods after the second set of injections of 
the 2-C'4 compounds made after an interval of several days. 











TaBLeE II 
Methionine effect and onset of vitamin Biz deficiency 

Per cent of injected dose 

Days after excreted as C'4O2 

initiation of Compounds injected 

diets Bis-deficient 
Control diet | “'*40h0e" 

3 Histidine 9.9 8.3 

4 Methionine + histidine 8.0 6.4 

10 Histidine 8.1 1.0 

11 Methionine + histidine 7.0 9.3 














* Formiminoglutamic acid first was detected in the urine on the 
7th day (excretion, 2.5 wmoles per day), and on the 13th day 
the rat excreted 14.4 uwmoles of the formimino compound. L- 
Histidine-2-C", 1 ue (0.28 umole), and t-methionine, 25 mg, were 
injected as described in the text. 


Onset of the Methionine Effect—Weanling rats were placed on 
control and vitamin B,:-deficient diets. On the third day, CO; 
collections were made after the injection of 1.0 ue (0.28 umole) 
of t-histidine-2-C“. The following day, 25 mg of L-methionine 
were injected 15 minutes before the radioactive histidine, and 
the CO: collections were made. Formiminoglutamic acid was 
detected on the seventh day in the urine of the rat fed the vitamin 
Bi-deficient diet. On the 10th and 11th days the initial se- 
quence of injections was repeated. The results are shown in 
Table II. In the normal rat, CO. excretion is slightly, but 
consistently, depressed by methionine. After a substantial 
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block in radioactive CO, production occurs in the deficient rat, 
methionine has a marked stimulatory effect. 

Formation of C“O2 from Sodium Formate-C and t-Serine- 
8-C™ in a Folic Acid- and Vitamin By-Deficient Rat—Formate 
is activated by adenosine triphosphate and transferred to tetra- 
hydrofolic acid (18). Plaut et al. (19) and Weinhouse and 
Friedmann (20) have found that CO. production from radio- 
active formate is depressed in folic acid-deficient rats. Rabino- 
witz and Tabor (21) have shown that formate accumulates in 
the urine of these deficient animals. When small amounts of 
formate-C™ (0.9 ue, 0.38 umole) were injected into a doubly de- 
ficient and into a control rat, there was no difference in the for- 
mation of C“O. (45% of the injected C“wasexcreted). However, 
when 50 mg of nonradioactive sodium formate was added to the 
tracer dose, in a 4-hour period the control rat excreted 35% of 
the injected dose as C“Oe, whereas a doubly deficient rat ex- 
ereted 22%. ‘‘Preinjection” with methionine did not alter the 
amount of radioactive CO, formed by either animal. In a sim- 


TaBLeE III 


Effect of various compounds on C1402 excretion and urinary 
formiminoglutamic acid in vitamin-deficient rats* 











Percent of | ily 0, 
Deficiency® Compound*® y ey formimino- 
CuO24 jeieetien 
Vitamin Bie Control 2.9 
t-Methionine 12.8 Marked 
Betaine hydrochloride 12.3 | Moderate 
Sarcosine 3.8 — 
t-Methionine + sodium 11.2 _ 
formate 
Glycine 1.8 | None 
L-Serine 1.5 None 
Vitamin Bie Control 1.9 
L-Methionine 12 Marked 
Methylmethionine sulfo- ie _ 
nium chloride 
Choline chloride 1.5 | None 
Dimethyl] acetothetin 2.5 — 
t-Methionine + L-serine 8.9 — 
L-Ethionine 11.4 Moderate 
Vitamin Bi: |Control 1.4 
and _ folic | u-Methionine 3.7 Marked 
acid L-Homocysteine 1.2 | Moderate 
L-Methionine + L-serine 5.1 — 











*QOn successive days rats were treated by injection with L- 
histidine-2-C'4, then with methionine and t-histidine-2-C, then 
with the other listed compounds and t-histidine-2-C™. 

*The two vitamin Bi2-deficient animals were excreting ap- 
proximately the same amounts of formiminoglutamate (about 40 
umoles per day) and weighed about 200 g. The doubly deficient 
rat weighed 350 g and was excreting in the order of 70 umoles per 
day. 

¢ Except for choline, dosages of 25 mg were administered intra- 
peritoneally 15 minutes before the injection of histidine. Only 10 
mg of choline chloride were used because of the toxicity of a larger 
amount. 

¢ Animals were treated by injection with 1 ue (0.28 umole) of 
L-histidine-2-C4. 
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ilar experiment with 25 mg of labeled t-serine (containing 1.2 
ue of C4) the doubly deficient rat excreted 20% of the labeled 
carbon as CO. compared to the control value of 30%. Again, 
“preinjection” with methionine did not affect the amount of 
C0». 

Influence of Other Compounds on Formation of CO, from L- 
Histidine-2-C in Deficient Rats—Of the compounds tested 
(Table III) only methionine, betaine, methylmethionine sul- 
fonium (S-methylmethionine), and ethionine were effective in 
stimulating CO. production by deficient animals. Homocys- 
teine did not alter radioactive CO2 formation but did reduce 
urinary formiminoglutamic acid (see Fig. 1). 

Fractionation of Urinary Metabolites of t-Histidine—A frac- 
tionation of metabolites of t-histidine-2-C™“ occurring in the 
urines of control, folic acid-, vitamin By:-, and doubly deficient 
rats was carried out. Urines obtained from the same rats, after 
the addition of 1% t-methionine to the above deficient diets, 
were also analyzed. The following radioactive metabolites were 
measured quantitatively: imidazole-4(5)-acetic acid, 1-ribosyl- 
imidazolacetic acid, urocanic acid, hydantoin propionic acid, 
formiminoglutamic acid, formylisoglutamine, and an unknown 
compound (cf. Figs. 1 and 2 (17)). Except for formiminoglu- 
tamic acid, the amounts of radioactivity in the fractions of 
“deficient urine’ corresponding to the individual metabolites 
did not differ significantly from those of the “control urine.’ 
There is no evidence that dietary methionine influences any of 
the catabolic reactions of histidine, other than those involved in 
formiminoglutamate metabolism. 


DISCUSSION 


The mechanism by which methionine influences histidine me- 
tabolism in the rat is obscure. However, our results show that 
dietary methionine causes a significant increase in the release of 
“C-1 units” derived from histidine and that these “‘C-1 units” 
are released via the urocanic acid pathway. Other metabolic 
systems in which homocysteine and methionine influence the 
utilization of ‘“C-1 units” have previously been described, but 
the activating mechanism of the amino acids in these systems is 
unclear. Berg (22) has shown a stimulatory effect of homocys- 
teine on the formation of serine and purines from formate in 
unfractionated liver preparations. Nakoa and Greenberg (23) 
and Stevens and Sakami (24) have observed that methionine 
has an activating effect on the synthesis of methionine from form- 
aldehyde and homocysteine in liver preparations. Bergmann 
et al. (25) have demonstrated that methionine and ethionine can 
reduce the accumulation of 4-aminoimidazole-5-carboxamide 
occurring in sulfonamide-inhibited cultures of Escherichia coli; 
minute amounts of p-aminobenzoic acid markedly stimulated 
this methionine effect. McRorie et al. (26) have shown that 
S-methylmethionine is even more effective than methionine in 
reversing the toxicity of sulfanilamide for E. coli. 

A primary question raised by the “methionine effect’’ observed 
in the deficient rats (decreased urinary formiminoglutamic acid 
and increased CO. from t-histidine-2-C") concerns the role of 
folic acid and vitamin By. Does methionine permit a more 
efficient utilization of the available stores of folic acid and vita- 
min Bys, or does a bypass mechanism exist which, in the presence 
of methionine, does not require these B vitamins? Data ob- 
tained with the intact animals do not permit any direct answer 
to this question. It can, however, be said that all of the obser- 
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vations are consistent with the view that methionine exerts its 
effect at the formiminoglutamic acid level. This suggests two 
interesting possibilities for investigation: one, that methionine, 
or a derivative, functions as an acceptor of the formimino group 
yielding a “high energy” sulfonium analogue which then can be 
further metabolized; and the other, that methionine permits a 
bypass of the B vitamins in the release of carbon 2 from histidine. 
Final proof of these speculations awaits studies in vitro. 

The increases in CO: production from carbon 2 of histidine 
observed with compounds other than methionine can be ac- 
counted for by their ability to act as precursors of methionine. 
Stekol (27) has shown that the methyl groups of betaine are 
excellent sources of the methyl group of methionine (about 10 to 
20 times more efficient than choline). Furthermore, S-methyl- 
methionine is converted to methionine (28). The ability of 
ethionine to mimic methionine in this reaction is of interest in 
view of the fact that it too can be activated and can enter into 
transethylation reactions (29-31). However, the manner in 
which ethionine competes with methionine and the scope of the 
reactions involved are poorly understood at the present time. 

Injected homocysteine did not increase CO, production, but 
did decrease formiminoglutamic acid excretion. A possible ex- 
planation for this apparent discrepancy is that after the injection 
of homocysteine, the C-2 of histidine is used preferentially for 
the conversion of the homocysteine to methionine. Since this 
conversion would occur slowly in the deficient animal, the 
amount of newly formed methionine in the tissues at any given 
time may not be great enough to stimulate significantly the 
production of CO, from C-2 of histidine. Thus, formiminoglu- 
tamate would be “utilized” and only give rise to CO, upon the 
oxidation of methionine-methyl to COs. Since the labeled 
methionine would be diluted with a large amount of unlabeled 
methionine in vivo, little CO. would be produced in the 4-hour 
collection period. 

Attempts to implicate methionine in other folic acid requiring 
reactions of doubly deficient animals were without success. The 
CO, formed from t-serine-8-C™ or formate-C™ is not increased 
by “preinjection” of the rats with methionine. 


SUMMARY 


It is concluded that methionine influences histidine metabo- 
lism by increasing the utilization of formiminoglutamic acid in 
folic acid and vitamin Bi-deficient rats. In such animals, 
when methionine is given, there is an increased incorporation of 
label from t-histidine-2-C™ into expired CO2. Of a variety of 
compounds tested, only methionine, betaine, methylmethionine 
sulfonium, and ethionine increased the production of CO: from 
t-histidine-2-C“. The administration of methionine to the de- 
ficient rats also caused a reduction of the urinary excretion of 
formiminoglutamic acid. Homocysteine administration reduced 
the urinary formiminoglutamic acid but did not alter the respir- 
atory C“O.. This stimulation, by methionine, of CO2 forma- 
tion from histidine was not depressed by the presence of other 
‘*1 carbon donors” (serine, glycine, or formate). In normal ani- 
mals, the administration of methionine did not stimulate respir- 
atory CO, production, but instead, consistently depressed it to a 
slight extent. 
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No differences were found in the distribution of metabolites 
of histidine-2-C™ in the urines of folic acid-, vitamin By2,- and 
doubly deficient rats. 
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A preliminary report (1) noted that labeled L-serine is rapidly 
incorporated into O-phospho-t-serine of rat liver both in vivo and 
in vitro and that this reaction does not involve adenosine 5’-tri- 
phosphate. Further studies have indicated that it is an ex- 
change reaction mediated by a specific serine phosphatase. The 
independent discovery and the properties of this enzyme, iso- 
lated from both rat and chicken liver, and from yeast, have been 
reported by several laboratories (2-4). 

This report is concerned in part with some additional infor- 
mation on serine phosphatase. It deals more particularly with 
the rate of turnover both of phosphoserine and of serine in liver, 
and the rate of transport of serine from blood to liver in the 
intact rat. 


METHODS AND RESULTS 


Two types of experiments have been performed. In one case 
we have studied the rate of appearance of isotope in compounds 
isolated from blood and liver of intact rats after injection of 
isotopic serine. In the second case, the properties of serine 
phosphatase in isolated liver preparations have been studied. 
In this section both the methods and the results of the experi- 
ments in vivo will be considered first, followed by those of the 
experiments in vitro. 


Experiments in Vivo 


Protocol—Six-week-old rats fed ad libitum were given injec- 
tions in the tail with L-serine-3-C" and killed in groups of 10 at 
successive time intervals. After decapitation, blood was col- 
lected for 40 seconds and mixed with a 1% picric acid reagent. 
The livers were removed and homogenized in the same reagent. 
The average time lapse from decapitation until the livers were 
homogenized was 2 minutes and 30 seconds. Serine and phos- 


phoserine were isolated from the acid-soluble fraction by chroma- — 


tography on Dowex 50 in the H+ form. The details of these 
procedures are described in the accompanying paper (5). 
Injection Procedure—In early attempts to inject into the tail 
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vein, the time taken to insure that the needle was actually in the 
vein was found to vary considerably from rat to rat. It was 
felt that there might be considerable hormonal effects on the 
reaction rates under study, and that the size of these effects, 
particularly those due to epinephrine release, might be expected 
to vary with variations in the injection procedure. The injec- 
tion procedure was, therefore, standardized as follows: 

Rats were wrapped firmly in cotton gauze and their tails 
placed in water at 47° for 2 minutes. They were then given 
injections with 0.2 ml of fluid per 100 g at the first try, whether 
or not the needle was actually in the tail vein. As a result the 
injection was in the tail vein slightly more than 50% of the times 
and beside it the other times. In the latter instances the fluid 
caused a hard blister-like projection which disappeared in less 
than a minute. 

Since the rate of appearance and disappearance of isotopic 
serine into the blood should differ depending on whether the 
injection was in or beside the tail vein, an experiment was car- 
ried out to determine the extent of this difference. 

Rats were injected as above and killed individually at succes- 
sive time intervals. Blood was collected and deproteinized with 
trichloroacetic acid. The trichloroacetic acid was removed from 
the protein-free filtrate by 6 ether extractions. The final aque- 
ous phase was freeze-dried, and C™ content of the residual solids 
determined. The results are shown in Fig. 1. It appears that 
there is a marked difference in the amount of C™ in the blood at 
30 seconds and probably at 2 minutes after injection, depending 
on the route of entry. By 5 minutes and thereafter, however, 
there is relatively little difference between the two curves. 

Isolation of Serine—Serine always came off the column con- 
taminated with glutamic acid, aspartic acid, or both. The 
eluate fraction was lyophilized, taken up in H,0, and titrated 
to pH 6 with Dowex 2 resin in the hydroxyl form. The solu- 
tion of serine thus freed of aspartate, glutamate, and chloride 
was made to volume and a quantitative determination of the 
serine made (5). Carrier serine (about 40 mg) was added and 
serine isolated by repeated recrystallization from ethanol and 
water to constant specific activity. 

Isolation of Phosphoserine—Phosphoserine from the column 
was contaminated with three phosphate-containing compounds, 
two of which were ninhydrin positive. The concentrated solu- 
tion was applied to a large sheet of filter paper in a line and 
developed in a descending direction with n-butanol-acetic acid- 
water, 35:10:25 by volume (6). The phosphoserine band was 
eluted with water and the amount determined (5). Carrier 
phosphoserine (about 40 mg) was added and phosphoserine was 
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Fic. 1. C4 content of rat blood as a function of time after 
injection of L-serine-3-C'‘ either in or beside the tail vein. 





TaBLeE I 
Concentration of serine and phosphoserine in rat liver and blood 
after injection of L-serine 
Ten wmoles of L-serine in 0.2 ml. of H2O were injected per 100 g 
of rat by way of the tail vein. 












































Concentration, in wmoles per g of liver or per ml of blood, at 
indicated number of minutes after injection 
Compound isolated 
0 2 10 15 30 45 240 | Average 
Blood serine... . .|1.25*| 0.47 0.17| 0.25) 0.32) 0.37) 0.32 
Liver serine..... 1.46) 1.44) 1.25) 1.11] 1.63) 1.46) 1.39 
Liver phospho- 
serine......... 0.02) 0.05] 0.04 0.04 
* Calculated value. 
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Fie. 2. Specific activity of serine and phosphoserine as a func- 
tion of time after injection of L-serine 3-C!*. Values for liver 
serine are corrected for extracellular serine as given in text. 
Calculated value for blood serine at 0 time is 36,000 c.p.m. per 
pmole. 
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isolated by one of two methods. The first consisted of repeated 
recrystallization to constant specific activity from 50% ethanol. 
In a second method, the mixture was hydrolyzed with prostatic 
acid phosphatase (7). Protein was removed by charcoal. 
Water was removed and serine hydrochloride extracted with 
ethanol. After centrifuging, the ethanol was removed, dilute 
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HCl was added, and the mixture was heated to 100° for 1 hour. 
Excess HCl was removed under reduced pressure and the serine 
hydrochloride was titrated with Dowex 2 resin, in the hydroxy] 
form, to pH 6. The serine was crystallized and recrystallized 
from water and ethanol to constant specific activity. 

C™ Assay—Samples were counted in a proportional flow 
counter on stainless steel planchets of 1.54 cm? area, corrected 
to 5 mg per planchet (8). 

Serine and Phosphoserine Concentration and Specific Activity— 
The concentration of serine and phosphoserine in liver and blood 
are shown in Table I. Attempts to definitely identify phospho- 
serine in blood were unsuccessful. For two of the blood samples 
carrier phosphoserine was added to that eluate fraction which 
should have contained phosphoserine, and was reisolated. It 
contained a small amount of radioactivity which was not lost 
after two recrystallizations. This suggests that phosphoserine 
may be a normal constituent of blood but at a concentration 
below 0.01 umole per ml. The low concentration of liver phos- 
phoserine and the many steps involved in its isolation make it 
likely that actual losses were appreciably greater than the calcu- 
lated losses. Therefore, these figures are probably low. They 
are about one-third the concentration found in chicken liver (2), 
The values for blood and liver serine are in good agreement with 
those in the literature (9-12). The effect of injecting 10 umoles 
of t-serine per 100 g on blood serine concentration has almost 
disappeared after 2 minutes. There seems to be no discernible 
effect of the injection on liver serine levels. 

The specific activities of these compounds as a function of 
time are shown in Fig. 2. The values for liver serine have been 
corrected to “intracellular” values on the basis that liver con- 
tains 20% extracellular phase (13, 14) and that the concentra- 
tion and radioactivity of serine in extracellular fluid is the same 
as in blood. The corrections are all less than 15% except for a 
28% correction of the 2-minute value. 

Loss of isotope from the blood is extremely rapid, in agree- 
ment with data of Borsook et al. (15), for several amino acids in 
the mouse. In our experiments 5% of the injected dose was 
found in the blood at 2 minutes and less than 1% at 30 minutes. 
Peak activities of liver serine and phosphoserine appear to have 
been reached between 2 and 10 minutes. 

Calculations of Rates—On the basis of certain assumptions, 
the data in Table I and Fig. 2 can be used to calculate the rate 
of transfer of serine from blood to liver, the rate of turnover of 
liver serine and liver phosphoserine, and the rate of conversion 
of liver serine to liver phosphoserine. 

The treatment used here is a modification of that used by 
Zilversmit et al. (16). This type of mathematical treatment has 
been discussed by several authors (17-21). 

In the conversion of A — B — other, where A is one of several 
precursors but the sole isotopic precursor of B, let: 


Sa = the specific activity or isotope concentration in A 
which is a function of time. 

Ss = the specific activity of B. 

Ca = the concentration of A. 


Cs = the concentration of B. 
v, = the rate of conversion of A — B. 
v2 = the rate of disappearance of B, which under steady 


state conditions = the rate of turnover of B. 


then: 
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dSp 2° Sa a v.Sp 


dt Cp (i) 


or 
Ca-dSp = 11:Sadt — v2-Spdt (2) 


If we assume that steady state conditions prevail, Ca, Ca, 
», and V2, areconstant. Then Equation 2 can be integrated from 
time t: — tz to give: 


t t 


2 2 
Sa dt — », Ss dt (3) 


ty ty 


Ca(Ss, ~~ Ss,) = 9, 


We can apply these equations to the conversion of blood ser- 
ine (A) to liver serine (B). Cs may be considered a constant 
with the use of the average value from Table I of 1.39, which 
corrected to exclude extracellular serine yields a value of 1.32 
ymoles per g. The quantities (Ss, — Ss), fi? Ssdt, and 
f ri S,dt between any two times may be determined graphically 
from Fig. 1. Since there are two unknowns 1 and v2 to deter- 
mine, at least two time periods must be used. It was found 
convenient to use four time periods, 2 to 10, 10 to 15, 15 to 45, 
and 45 to 240 minutes, corresponding to periods of roughly con- 
stant slope of the liver serine specific activity time curve. The 
data for these periods are shown in Table II. From these 
periods 6 sets of simultaneous equations can be used to solve 
independently for 1, and v2. For example, Equation 3 can be 
arranged to give: 

te 
v1 S, dt — Ca(Ss, — Ss,) 


ty 





te 
Sp dt 
ty 


(4) 


ts 
Y% Sa dt — Cp(Ss; — Ss.) 





tz 
Sp dt 
te 


Substitution of values from Table II and for Cx gives a numeri- 
cal solution for 1. In an analogous rearrangement one can 
solve for ve. The values obtained by these calculations are 
shown in Table III. Apart from the imaginary solutions found 
in the 15 to 45 versus 45 to 240 minute time periods there is 
reasonable consistency in each set. The average of the positive 
values gives approximately 0.20 umole per min per g of liver for 
the unidirectional flux of serine from blood into liver, and about 
0.60 umole per min per g of liver for the rate of disappearance or 
turnover of liver serine. 

It is not necessary to assume that Cz, 11, or v2 stay constant 
throughout the 4-hour period. In another calculation with the 
same time periods as that above, the average observed value of 
Cs for each of the small time periods has been used (Table [). 
In addition it has been assumed that » is proportional to the 
blood serine concentration; i.e. 1 = kCa. That this may be 
true is suggested by the observations of Heinz (22) on the influx 
of glycine into ascites tumor cells. He found that at low ex- 
ternal concentrations of glycine, the rate of influx was propor- 
tional to the concentration, whereas at high concentrations it 
approached a constant value. With these assumptions the 
calculations of v; and ve show somewhat less scatter, the negative 
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TaBte II 


Data derived from Fig. 2 for calculation of rate of conversion 
of blood serine to liver serine and rate of turnover of liver serine. 
For explanation see text. 





























Time period in minutes 
2-10 10-15 15-45 45-240 
“=e (==) 627 | —ss2| —343| —95 
Mw 
te ¢.p.m. X min 
I aaa ac 8,290 | 4,540 | 8,520 | 15,130 
th umole 
te c.p.m. X min 
aa (———— 29,900 | 7,325 | 26,150 | 43,600 
ws umole 
TaB_e III 


Conversion of blood serine to liver serine 


Calculation of v; and v2 by solution of Equation 3 for paired 
time periods. For explanation see text. 
































Time period 
(min) 
Time period 
10-15 15-45 45-240 
min 21 (umole/min) 

2-10 0.18 0.28 0.15 
10-15 0.14 0.20 
15-45 (—0.24) 
Average 0.19 

v2 (umole/min) 

2-10 0.56 0.92 0.44 
10-15 0.48 0.57 
15-45 (—0.69) 
Average 0.59 








values are eliminated and the average values are reduced some- 
what, being 0.13 and 0.40 umole per min per g, respectively. 

It is possible to use other modifications of this approach to 
these calculations, including a smoothing out of the specific 
activity time curves, with different approximations in the 
arithmetical solutions, and in particular, consideration of the 
two different injection routes used. None of those tried seem 
to change the values of 1: or v2 by much more than a factor of 
2. For purpose of further calculation and discussion the values 
of 0.20 and 0.60 for v; and v2 will be used, keeping in mind that 
there is a considerable uncertainty involved in their determina- 
tion. 

The term uf re Sadé represents the total amount of radio- 
activity entering the liver from the blood between time ¢, and 
to. For the first 240 minutes this term equals 49,000 c.p.m. per 
g ofliver. 468,000 c.p.m. were injected per 100 g of body weight, 
and the livers averaged 5.2% of body weight, therefore the 
radioactivity administered per gram of liver was 90,000 c.p.m. 
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Thus, in the first four hours, about 50% of the injected serine 
entered the liver. 

Similar calculations can be made for turnover time of phos- 
phoserine and for the conversion of serine to phosphoserine on 
the assumption that the sole isotopic precursor of liver phospho- 
serine is liver serine. If the time periods 0 to 15 minutes and 
15 to 30 minutes are used for this calculation and the concentra- 
tion of phosphoserine taken to be 0.05 umole per g, then the 
rate of conversion of serine to phosphoserine is 0.004 umole per 
min per g, the rate of turnover of phosphoserine is 0.01 umole 
per min per g, and the total amount of radioactivity converted 
to phosphoserine in 240 minutes is 50 c.p.m. or about 0.1% of 
that entering the liver. 


Experiments in Vitro 


Materials—v- and t-Serine are California Corporation Cfp 
grade. p- and u-Phosphoserine were synthesized from the 
appropriate isomers of serine (23). Phosphohydroxypyruvate 
was prepared from the cyclohexylammonium salt of the di- 
methylketal derivative (6), the kind gift of Dr. C. E. Ballou. 

Purification of Serine Phosphatase—Fresh rat livers were 
homogenized with 4 volumes of 0.25 m sucrose solution with a 
Teflon pestle in a Potter-Elvehjem homogenizer. Cellular de- 
bris and nuclei were removed by centrifugation at 700 xX g. 
The supernatant was centrifuged at 105,000 x g for 1 hour in a 
Spinco model L ultracentrifuge. The soluble cellular fraction 
was dialyzed against distilled water overnight. All these pre- 
ceding steps were carried out in the cold. This preparation 
could be stored at —10° for several months without loss of 
activity. The dialysate was adjusted to pH 5.3 with acetic acid 
to give a copious precipitate, which left the enzyme in solution. 
The solution was submitted to ammonium sulfate fractionation. 
The enzyme was precipitated at 40 to 60% saturation. A 
solution of the enzyme, which contained MgCl: and p-phospho- 
serine, each at 10-* m, was heated at 60° for 5 minutes to give a 
further purification with respect to general phosphatase activity, 
but with much loss of enzyme (about 75%). The solution was 
submitted to a second ammonium sulfate fractionation, the 
enzyme was recovered from that fraction which precipitated at 
40 to 60% saturation. 

Enzyme Assay—Enzyme activity was measured by release of 
inorganic phosphate which was determined by the Fiske and 
SubbaRow method (24), the Taussky and Shorr method (25), or 
when greater sensitivity was desired by the method of Dryer 
et al. (26). 

Properties of Serine Phosphatase—The properties of the 
chicken liver and rat liver enzymes have been presented in detail 
by Neuhaus and Byrne (2) and Borkenhagen and Kennedy (3). 
Our results confirm most of their findings, and will not be re- 
ported in detail here except where they supplement their find- 
ings.! 

The specificity of the reaction is shown in Table IV, which 
agrees well with the data of Neuhaus. The lower value for 
t- than for p-phosphoserine is undoubtedly due to inhibition 
by .-serine released during the reaction. The high value for 


1The complete details of this study of serine phosphatase 
are contained in the doctoral dissertation of Martin J. Nemer, 
“The Role of Phosphate Esters in the Conversion of Serine to 
Ethanolamine,’’ which may be obtained from the Harvard Uni- 
versity Library. 
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phosphohydroxypyruvate suggests that it may be a substrate 
for the enzyme in vivo. 


A K, of 5 X 10-* m for p-phosphoserine, pH optimum be. | 


tween 5.5 and 6.0, and optimal Mg** concentration around 
10~? m are in agreement with published values. In like agree- 
ment is the finding that L-serine inhibits hydrolysis of p- and 
L-phosphoserine, and that the enzyme acts to transfer the phos- 
phoryl group from p- or t-phosphoserine to L-serine, but not to 
D-serine. 


TaBLE IV 
Substrate specificity of purified serine phosphatase 
Incubations were at 37° for 1 hour in a Dubnoff shaker, stopped 
by additions of 10% trichloroacetic acid. Each reaction mixture 
contained the same amount of enzyme, 1.23 X 10-? m substrate, 
1 X 10-* m MgClo, and sodium acetate buffer, pH 5.5. 








Substrate eee mee 
pmoles/ml/hr 
ee eA A 3.28 
Sir 6566 6:60:32: 9'5, oy0:0:9.9'% 04.9: sceaioneys 1.93 
Phosphohydroxypyruvate................... 0.65 
Fructose 6-phosphate........................ 0.25 
PROSpPIONTYVOOTELE ... ew ccc ccesee es 0.23 
p-Glhycerophioaphate. .......5.... 66s ceeen 0.23 
Adenosine 3’-phosphate..................... 0.05 
a-Glycerophosphate...................22006- 0.04 
Glucose 6-phosphate......................04. 0.00 
Glucose 1-phosphate......................4. 0.00 
pL-Phosphothreonine......................4. 0.00 
Phosphoethanolamine....................... 0.00 
PROBPROGRGING . 2 ..6c cc cecccescvesceeniees 0.00 
PMID cob recisicidiee ten desesreseepinnsaicameten ae 0.00 








TABLE V 


Effect of t-serine and t-phosphoserine on rate of hydrolysis of 
L-phosphoserine by serine phosphatase 

Incubations were at 37° in a Dubnoff shaker and were stopped 
by addition of 0.25 ml of 30% trichloroacetic acid. Final concen- 
tration of MgCle, 0.016 m, NaCl, 0.125 m, sodium acetate buffer 
pH 5.5, 0.04 m. Volume in each tube was 0.5 ml. Enzyme con- 
centration in Part B was 5 times that in Part A. Time of incuba- 
tion for Part A was 15 minutes, for Part B was 17 minutes. Phos- 
phate was determined by Dryer et al. method (26). 











Inorganic phosphate released at indicated initial 
Teithe) t-eerine L-phosphoserine concentration 
concentration 
50 um | 100 um | 200 um | 400 um | 8,000 ua 
pM mymoles/ml 
‘A. 16 | 2 32 40 
15 13 20 34 
150 15 | 20 
1,500 8 | 11 10 
6,000 5) 6 5 
48,000 2 
B 0 256 
15 174 234 
150 | 148 218 
1,500 | 64 74 80 
6,000 24 26 26 
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TaBLe VI 
Serine phosphatase activity in rat liver 

Wistar male rats, 140 to 280 g, were given intraperitoneal in- 
jections with the substance indicated. The animals were decapi- 
tated, livers chilled in ice, and homogenized in the cold in a Pot- 
ter-Elvehjem homogenizer with 4 volumes 0.14 m KCl. This was 
centrifuged at 105,000 X g for 1 hour at 0-5°. The supernatant 
was diluted with 4 volumes of cold 0.14 m KCl. Two sets of in- 
cubations were run. One contained 0.5 ml of liver supernatant, 
0.008 m L-phosphoserine, 0.016 m MgCle, 0.04 m sodium acetate 
buffer pH 5.5, at a final volume of 1 ml and pH 5.5. The other 
had, in addition, 0.048 m L-serine. Values reported are the dif- 
ference between the two sets or the “‘L-serine inhibitable’’ ac- 
tivity. Incubations were at 37° for 1 hour in a Dubnoff shaker 
and were stopped with trichloroacetic acid. Phosphate assay was 

according to Taussky and Shorr (25). 




















No, | Time of f 
sil a death | Inorganic 
Substance injected Dose perfkg of rat aah (hours | phosphate 
mals |. after released 
injection) 
pmoles/hr/ 
g liver 
Water 10 ml 4 5.2 20 
NaCl (0.15 m) 10 ml 2 5.8 26 
L-Serine 10 mmoles in 9 ml | 4 5.4 26 
of H:.O 
t-Phosphoserine (neu- | 10 mmoles in9 ml | 2* | 3.8 22 
tralized) of H:O 
Hydrocortisone (as | 30 mg in 10 ml of | 4 5.5 24 
Solucortef, Upjohn) 0.15 m NaCl 





* Died 3.8 hours after injection and immediately assayed. 


The effect of simultaneously changing L-serine and t-phos- 
phoserine concentrations on the rate of hydrolysis is shown in 
Table V. It may be noted that at low serine concentration, 
the rate changes appreciably with changing phosphoserine 
concentration, but that at high serine concentration the rate is 
almost independent of phosphoserine concentration in the range 
shown. On the assumption that approximately 50% of liver 
is intracellular water, the concentrations of serine and phospho- 
serine in liver, from Table I, are approximately 3 x 10-? m and 
1 x 10-* M, respectively. This is in the range where the rate is 
more sensitive to changes in serine than in phosphoserine con- 
centration. 

Nonadaptability of Serine Phosphatase—The effects of prior 
intraperitoneal injections of t-phosphoserine, L-serine, and hy- 
drocortisone on the activity of the enzyme in freshly prepared 
liver homogenates are shown in Table VI. It may be noted 
that injection of 10 mmoles of t-phosphoserine per kilo is lethal. 
No significant effect on hydrolysis rate occurred with any of 
these compounds. In contrast, the activity of liver tyrosine 
transaminase went up 3-fold in the rats given hydrocortisone.? 

Calculation of Rate of Hydrolysis in Intact Liver—The data 
from Tables V and VI may be used to approximate the rate of 
hydrolysis of phosphoserine in the intact liver. The assays in 
Table VI, performed at optimal conditions of pH, Mg*+ con- 
centration, and substrate concentrations, give a maximal rate 
of hydrolysis of 0.4 umole per min per g of liver. If the normal 
pH of liver lies between 6.5 and 7, then this figure would be 


*The tyrosine transaminase was kindly assayed by Dr. Ed- 
mund C. C. Lin and Mr. Stephen A. Lerner (27). 
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approximately halved. Mg** concentration in liver, 7 umoles 
per g wet weight (28) is about optimal. Phosphoserine con- 
centration of 1 x 10-* m and serine concentration of 3 x 107° 
M by interpolation in Table V would lead to a rate roughly one- 
sixth that under maximal substrate and minimal inhibitor con- 
centrations. The rate of hydrolysis at normal physiological 
concentrations of H+, Mg**, serine, phosphoserine, and enzyme 
would, therefore, be approximately 0.03 umole per min per g of 
liver. 


DISCUSSION 


Blood Serine—The curve of blood serine specific activity (Fig. 
2) shows several components, including a hump between 15 and 
30 minutes, which make it difficult to describe in simple mathe- 
matical terms. It is possible, however, to construct a simplified 
model taking into account both mass and hormonal effects 
which qualitatively fits the data. Borsook et al. (15) found, 
after injecting several amino acids intravenously in mice, at a 
level of roughly 40 umoles per 100 g, that a large portion of the 
administered amino acid entered the carcass? in the first 10 to 20 
minutes and subsequently left it. This entry may be presumed 
due, in part at least, to a mass effect resulting in an increase in 
concentration as well as radioactivity of the carcass amino acid. 
In the viscera where presumably amino acids are more rapidly 
metabolized, there would be little change in mass but an increase 
in radioactivity of the amino acid in question. If this is true of 
serine in our experiments, than a point would be reached be- 
tween 2 and 30 minutes when the blood level of serine would 
reach a value so low that serine would return to the blood from 
the carcass, and during this period there would be a net transfer 
of serine from carcass to viscera. On the assumption that 
metabolism of serine in the carcass is slow, the specific activity 
of this serine would be high, and tend to maintain the blood 
serine at a high level of radioactivity. The effect of the liver 
and other viscera, where metabolism of serine is rapid, the spe- 
cific activity of serine low, and where a rapid exchange of low 
for high activity serine might be expected to take place (29), 
would be to lower rapidly the specific activity of blood serine. 

Superimposed on this mass effect may be a hormonal effect. 
It is known that epinephrine and other hormones lower the 
total amino acid content of blood (30). It seems likely that our 
injection procedure, wrapping the animal in gauze and warming 
the tail with water at 47° before injection, may have caused the 
liberation of epinephrine, the effects of which are beginning to 
wear off after 15 minutes. Such a subsiding hormonal effect 
could account for the steady rise in blood serine concentration 
after 15 minutes. A key point in this picture is a rapid uptake 
of serine by the carcass in the first 15 minutes, most of which is 
fed back into the blood stream in the next hour or two. 

Influx and Turnover of Serine in Liver—The calculation of 
the rate of influx and rate of turnover of liver serine in the 
“Results” section, has assumed that blood serine is the sole isotopic 
precursor of liver serine. This is at best only approximately 
true. For instance, phosphoserine has about one-third the 
specific activity of liver serine and, as is discussed below, is con- 
verted to liver serine at the rate of 0.02 umole per min per g of 
liver. The isotope so introduced amounts to less than 1% of 
that introduced from blood serine throughout most of the period 


3 Defined as total mouse less thoracic and abdominal viscera 
and obtainable blood. 
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and can be ignored. In general, pathways may be ignored 
which return isotope to serine by roundabout routes, as in con- 
version to ethanolamine, or through intermediates rapidly 
formed from unlabeled materials, as in the glycolytic pathway. 
Measurements of isotope in liver protein serine, which will be 
published subsequently, suggest that isotope return from this 
quarter is negligible before 120 minutes. The only important 
known source of liver serine other than blood serine, protein 
serine, and carbohydrate intermediates is from the condensation 
of hydroxymethyltetrahydrofolate with glycine. Starting with 
B-labeled serine, the glycine would be essentially unlabeled (31). 
Hydroxymethyltetrahydrofolate, however, would be rapidly 
labeled by serine. Its specific activity would probably follow 
a curve similar to that of phosphoserine, quickly assuming an 
approximately constant fractional value of liver serine specific 
activity, since it may be presumed to be in low concentration, 
rapidly turning over, and to be derived in major portions both 
from serine and from unlabeled precursors. If for instance one 
assumed it to have one-half the specific activity of liver serine 
and to be converted to liver serine at the rate of 0.3 umole per 
min per g, it would contribute about one-fourth as much isotope 
as does blood serine. This relationship should be fairly con- 
stant, however, to the extent that blood and liver serine ratios 
are constant. 

The figure 0.6 umole per min per g for disappearance or turn- 
over of serine should correspond closely to the net isotope flux 
out of liver serine. For most reactions, over the time period 
studied, this probably corresponds closely to the unidirectional 
flux out of liver serine. For the reversible conversion to hy- 
droxymethyltetrahydrofolate this is not true and an additional 
amount of isotope perhaps as high as 25% of that disappearing 
may be returned by this route. The actual values must await 
isolation of labeled hydroxymethyltetrahydrofolate in the type 
of experiment reported here. 

A second assumption implicit in these calculations is that the 
rate of mixing of isotopic serine entering from the blood with 
the serine already in the ‘liver is fast compared with further 
reactions of serine. Whether this assumption is valid is open 
to question, and is difficult at the moment to subject to experi- 
mental evaluation. 

Patterns of Serine Metabolism—Apart from its conversion to 
phosphoserine no measurements have been made of the rate of 
conversion of serine to its metabolic products in the intact ani- 
mal. However, such measurements have previously been made 
in liver slices (32). If the proportions found in slices are used 
in conjunction with the turnover rate of 0.6 umole per min per g 
the rates of conversion of serine to various products are found 
to be as follows: to blood serine 0.2, to hydroxymethyltetrahy- 
drofolate 0.25, to carbohydrates 0.04, to proteins 0.03, and to 
lipids 0.01 wmole per min per g of liver. The efflux of liver 
serine into the blood has been set equal to the influx since it 
seems likely that the unidirectional flux rates are much faster 
under these conditions than net flux (29). Although the jump 
from liver slices to intact liver is a large one, the proportions 
here are consistent with the picture emerging from studies both 
in vivo and in vitro, that a major fraction of serine is converted 
to glycine and “‘one-carbon” compounds. If these figures are 
approximately true, conversion of serine to phosphoserine, less 
than 0.01 wmole per min per g, can account for only a part of 
that converted to glycolytic intermediates. 

It may be noted that the rate of uptake of serine by liver 
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slices was found to be 0.04, umole per min per g of liver (32) at 
an extracellular level of 0.76 umole per ml, whereas in the intact 
rat the liver influx is found to be 0.2 umole per min per g of 
liver at a blood level of 0.25 wmole per ml. Since with slices 
the rate of uptake is proportional to the medium serine concen- 
tration, these figures suggest that slices are operating at about 
one-fifteenth the efficiency of the intact liver. 

Role of Phosphoserine—The calculations of phosphoserine 
turnover from isotopic data are subject to the same question as 
those for serine. Further, the paucity of data on phosphoserine, 
due largely to difficulties in isolation, make the final figure for 
turnover of 0.01 umole per min per g quite indeterminate. Ip 
this case, we have confirmation from another source, the caleu- 
lation of the expected rate of hydrolysis of phosphoserine, from 
the known behavior of serine phosphatase in vitro and the meas- 
ured concentrations of enzyme, reactants, activators, and inhibi- 
tors in the liver. This value of 0.03 umole per min per g is in 
fair agreement with that above, considering the many uncer- 
tainties involved in the two entirely independent calculations. 
As an approximation, we will use 0.02 umole per min per g as 
the rate of hydrolysis of phosphoserine. The corresponding rate 
of conversion of serine to phosphoserine would be 0.008 ymole 
per min per g. 

Efforts by ourselves and others (1-3) to find a net conversion 
of serine to phosphoserine in liver have been uniformly unsuc- 
cessful. The amount of serine phosphatase, which catalyzes 
the exchange reaction: 


Serine-C!* + phosphoserine = phosphoserine-C™ + serine 


is sufficient to account for the formation of isotopic phospho- 
serine from serine found above. It would appear therefore, 
that there is no net conversion of serine to phosphoserine in 
liver despite the fact that there is rapid introduction of isotope 
from serine to phosphoserine. This fact has wide implications. 
For instance, there is much evidence to indicate that serine is 
converted to ethanolamine in the rat (33-36), all of which is 
based on isotope studies in the intact animal. Should it turn 
out that liver phosphoserine is an intermediate in this reaction, 
then it would follow that there is no net production of ethanola- 
mine from serine. The same would apply to other products of 
serine metabolism if phosphoserine is found to be an intermedi- 
ate in their formation. 

Although phosphoserine is not a product of serine, in rat liver 
at least, it seems a very likely precursor. Ichihara and Green- 
berg (37) have described reactions from phosphoglyceric acid to 
phosphoserine in rat liver, serving as one pathway of synthesis 
of serine from glycolytic intermediates. Neuhaus and Byrne 
(2) have pointed out that, since serine inhibits hydrolysis of 
phosphoserine, the level of serine may determine the rate of 
serine synthesis by this pathway. The data presented in Table 
V suggest that this is indeed true at physiological levels of serine 
and phosphoserine in rat liver, since the reaction rate seems quite 
sensitive to changes in serine concentration and insensitive to 
changes in phosphoserine concentration. Reports in the litera- 
ture indicate that serine may vary from as low as 0.2 to as high 
as 3 umoles per g (10, 12) which might easily cause a 4-fold 
change in rate of phosphoserine hydrolysis. 

The serine concentration may regulate phosphoserine concen- 
tration as well as its rate of hydrolysis. The rate of formation 
of other products of phosphoserine metabolism may in turn be 
dependent on the phosphoserine concentration. If so, the rate 
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of formation of these products and therefore the rate of intro- 
duction of isotope from serine into them would depend on the 
serine concentration, despite the fact that there was no net con- 
yersion of serine to these products. 

The rate of synthesis of serine from phosphoserine by this 
route is approximately 0.02 umole per min per g of liver or 0.15 
mmole per day per 100 g of rat. Arnstein and Neuberger (38) 
have found the net rate of serine synthesis in young rats to be 
3.5 mmoles per day per 100 g. They have also pointed out 
that for rapidly growing rats, synthesis of new protein and of 
the many products of serine and glycine metabolism require 
synthesis of approximately 1.5 to 2.0 mmoles of these amino 
acids per day per 100g. Although the pathway through phos- 
phoserine in the liver is undoubtedly part of this synthesis, it 
seems unlikely that it accounts for a major portion of serine syn- 
thesis in the whole rat. There may possibly be other path- 
ways of serine synthesis in rat liver, as for instance transamin- 
ation of hydroxypyruvate (39, 40) or it may be necessary to 
look to other tissues for the bulk of serine synthesis. 


SUMMARY 


The concentration and specific activity of serine and phospho- 
serine in liver and blood of rats has been followed as a function 
of time after injection of L-serine-3-C. 

The behavior of serine phosphatase has been studied at phys- 
iological levels of substrate and inhibitor, and under conditions 
which might be expected to cause adaptive increases in enzyme 
activity. In the observed range of liver concentrations the 
rate of the enzymatic reaction is affected more by changes in 
serine concentration than by changes in phosphoserine concen- 
tration. The enzyme was not found to be “adaptive.” 

The rate of influx of serine from blood to liver was found to 
be 0.2 umole per min per g of liver, the rate of turnover of serine 
in liver to be 0.60 umole per min per g, the rate of conversion to 
phosphoserine to be 0.008 umole per min per g, and the rate of 
turnover of phosphoserine to be 0.02 wmole per min per g. 

About 50% of the serine was found to have entered the liver 
in the first 4 hours after injection. 

The bearing of these findings on the over-all pattern of serine 
metabolism is discussed. 
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Lipid ethanolamine has previously been shown to be derived 
from serine (2) and more specifically from carbon atoms 2 and 
3 of serine (3-5). The present report is an attempt to clarify 
some of the intermediate steps in this conversion, and to assess 
the quantitative importance of the various reactions leading 
from serine to phosphatidylethanolamine. 


EXPERIMENTAL PROCEDURE 


Procedures in Vivo—Male Wistar rats 38 to 43 days old, fed 
ad libitum, were given injections in the tail vein? of 10 wmoles 
of L-serine-3-C™ (4.68 < 10° c.p.m.) per 100 g.2 The rats were 
killed by decapitation in groups of 10 or more at successive 
time intervals. Blood was collected for 40 seconds and mixed 
with 5 volumes of picric acid reagent (1% picric acid, 3% 
acetic acid (7)). The livers were removed, weighed, and ho- 
mogenized with 10 volumes of picric acid reagent in a Lourdes 
homogenizer. The average time lapse from decapitation un- 
til the livers were homogenized was 2 minutes and 30 seconds. 
The pooled blood and livers from each group were filtered. 
Picric acid was removed from the filtrates on Dowex. 2 resin 
in the chloride form (8), and the filtrates concentrated under 
reduced pressure. They were then applied to Dowex 50 cation 
exchange columns in the hydrogen form to separate the acid- 
soluble constituents. 

The liver precipitate was washed five times with picric acid 
reagent and dried in a vacuum. It was ground in a mortar, 
suspended in approximately 100 volumes of 2:1 chloroform- 
methanol (9), and filtered. The precipitate was washed thor- 
oughly with chloroform-methanol. The combined filtrates were 


* This work has been supported in part by grants from the 
Nutrition Foundation, Inc., and the William F. Milton Fund 
of Harvard University. A preliminary report has been presented 
(1). This work has been taken from a thesis submitted to the 
Faculty of Arts and Sciences at Harvard University by Martin 
J. Nemer, in partial fulfillment of the requirements for the degree 
of Doctor of Philosophy. 

t Predoctoral Fellow of the National Paraplegia Foundation 
for 1957-1958. Postdoctoral Fellow of the Massachusetts Heart 
Association, July to September 1958. Present address, Labo- 
ratoire de Morphologie animale, Université libre de Bruxelles, 
Bruxelles, Belgique. 

1 It is assumed that all ethanolamine in lipids is present as 
phosphatidylethanolamine. 

2 Approximately one-half of the injections were actually in 
the tail vein, the remainder were beside it. This point is dis- 
cussed fully in the preceding paper (6). 

*In connection with other studies, choline, labeled with C*% 
in the methyl groups, and methionine, labeled with deuterium 
in the methyl group, were injected at the same level as serine. 


treated with water to form two phases and taken to dryness 
in a vacuum. The residue was repeatedly suspended in a two- 
phase water-chloroform system and taken to dryness, in a 
vacuum, in order to render the proteolipid protein insoluble 
in chloroform-methanol. The residue was re-extracted with 
chloroform-methanol and filtered. This whole process was re- 
peated four or five times until no further protein was removed. 
The final lipid extract in chloroform-methanol was treated with 
23% by volume of water and the phases separated. The lower 
phase was washed five times with upper phase containing 0.37% 
KCl, 0.29% NaCl, 0.017% MgCl. and 0.02% CaCl: (9), and 
taken to dryness. The residue was refluxed 4 hours in 100 
volumes of 4 n HCl, taken to dryness in a vacuum, and dis- 
tributed between water and ether. The aqueous phase after 
concentration under reduced pressure was applied to a Dowex 
50 column. 

Chromatographic Separation—Constituents of both the acid- 
soluble and lipid phases were separated by a modification of 
the method of Stein and Moore (10). Dowex 50 in the hy- 
drogen form, 200 to 400 mesh, 12% cross linkage, was packed 
in columns 2.2 x 65cm. After application of the sample they 
were eluted with 2.5 n HCl or, when phosphoserine and phos- 
phoethanolamine were isolated, with 1 liter of 4 N formic acid 
followed by 2.5 N HCl. The position of each constituent was 
determined on ascending paper chromatograms developed with 
80% aqueous phenol, with or without an ammonia atmosphere, 
and sprayed with alcoholic ninhydrin. Results of a typical 
column separation with formic acid followed by HCl are shown 
in Fig. 1. Similar separations were obtained with HCl alone, 
except that aspartate and glutamate came out a little later 
relative to the neutral amino acids. The fractions containing 
one compound were pooled and made to volume. Where nec- 
essary, interfering substances were removed. Quantitative nin- 
hydrin determinations (11) were performed on each fraction 
and nonisotopic carrier added where necessary. The com- 
pounds, when prepared for quantitative analysis, were free of 
other ninhydrin-reacting compounds, except ammonia, as as- 
certained by paper chromatography. Ammonia determinations 
were made on separate aliquots (12) and the values so obtained 
were used to correct the amino acid determination. 

The isolation of serine and phosphoserine from the column 
eluates has been described in the preceding paper (6). 

Isolation of Ethanolamine—The solution of ethanolamine and 
alanine from the column was freeze-dried to remove excess HCl. 
The residue was dissolved in HO and the pH brought to 9 
to 9.5 with NaOH. It was then attached, by way of a Dry- 
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Ice trap, to an oil pump in a manner similar to that employed 
for freeze-drying. Ethanolamine and the water was distilled 
at room temperature for 24 hours and collected in the Dry- 
Ice trap. The amount of ethanolamine was determined, carrier 
was added where necessary and the ethanolamine repeatedly 
recrystallized as the hydrochloride from ethanol-petroleum ether 
and counted. When the C" activity was high enough, the 
ethanolamine was converted to the diiodosalicylate and recrys- 
tallized from ethanol-petroleum ether to constant activity. 

Isolation of Phosphoethanolamine—The quantity of phospho- 
ethanolamine recovered from the column was determined, car- 
rier added, and the mixture crystallized and recrystallized from 
ethanol and water to constant specific activity. Alternatively, 
it was hydrolyzed with prostatic acid phosphatase (13) and 
the ethanolamine recovered as described above. 

Procedures in Vitro—Rat liver slices or homogenates obtained 
from male Wistar rats were incubated with either L-serine-3-C™ 
or O-phospho-t-serine-3-C'. Carrier ethanolamine and phos- 
phoethanolamine were added either at the beginning or end 
of the incubation period. The reactions were carried out in 
a Dubnoff shaker at 37° and stopped by addition of trichloro- 
acetic acid. Liver slices were prepared with a Stadie-Riggs 
slicer and incubated in Krebs-Ringer phosphate medium. Ho- 
mogenates were prepared by adding 4 volumes of 0.14 m KCl 
and homogenizing in a motor-driven Potter-Elvehjem homoge- 
nizer with a Teflon pestle. They were incubated in 0.15 m 
potassium phosphate buffer at pH 7. 

Serine, phosphoserine, ethanolamine, and phosphoethanol- 
amine were separated on Dowex 1 resin, 50 to 100 mesh, in 
the acetate form, packed in a 1 X 10 cm column. Serine and 
ethanolamine were eluted with 100 to 150 ml of water; phos- 
phoethanolamine with 150 to 200 ml of 0.04 m sodium acetate 
buffer, pH 4.8, and phosphoserine with 200 to 250 ml of 0.4 
M sodium acetate buffer, pH 4.8. 

Although this procedure effected a complete separation of 
these compounds as determined by paper chromatography, there 
was an appreciable isotopic contamination of the reaction prod- 
ucts with the starting material, or highly active products, 
amounting to 1% or more of the total C“. To eliminate such 
contamination, the products were mixed with nonisotopic start- 
ing material, either serine or phosphoserine, and reseparated by 
the procedure given above. Usually this procedure was re- 
peated three times. After the last separation, the serine or 
phosphoserine was isolated and counted and found to have a 
specific activity well below the product. Each compound, after 
treatment with phosphatase if necessary, was treated with per- 
iodic acid and the formaldehyde formed collected as the dime- 
done derivative and counted. 

Materials—t-Serine-3-C™“ was synthesized as previously de- 
scribed (14). 

O-Phospho-t-serine-3-C" was synthesized from L-serine-3-C", 
POCI;, and H.O (15). 

C'* Assay—Samples were counted in a proportional flow coun- 
ter on stainless steel planchets of 1.54 cm? area, corrected to 
5 mg per planchet (16). 


RESULTS 


Concentration of Ethanolamine and Phosphoethanolamine in 
Liver and Blood—The concentration of ethanolamine and phos- 
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Fig. 1. Separation of acid-soluble components of liver on a 
Dowex 50 column, 2.2 X 65 cm. 


TaBLeE I 


Concentration of ethanolamine and phosphoethanolamine in liver 
and blood 


Ten umoles of L-serine in 0.2 ml of H.O were injected per 100 g 
of rat by way of the tail vein. 























Concentration at successive times after injection 
of L-serine 
Compound isolated 
2 min |10 min|1smin | 30 |45 min| 170 | 240 
pmoles/g liver or ml blood 
Blood 
Ethanolamine 0.15] 2.2 | 0.6/0.10 | 0.16 
Phosphoethanolamine | 0.046 0.18 0.056 0.047 
Liver 
Ethanolamine 0.1 0.4 | 1.4 0.2 
Phosphoethanolamine | 1* 0.6 | 1.7 1.1 


























* Determined approximately by paper chromatography. Most 
of the sample was discarded before a more accurate determination 
could be made. 


phoethanolamine in liver and blood are shown in Table I, as 
a function of time after injection of L-serine. 

There is some indication, from Table I, that injection of 
L-serine has caused a sharp but transient rise in the blood level 
of both ethanolamine and phosphoethanolamine. This would 
be consistent with observations of Luck and Wilcox (17) that 
administration of serine to rats causes a marked increase in 
urinary ethanolamine. As to whether these results of ours are 
indeed an effect of serine injection is presently under investi- 
gation. 

The values for phosphoethanolamine concentration in liver 
are in agreement with those reported by others in the rat (18, 
19). We have found no values reported for phosphoethanol- 
amine in rat blood. Our values of 0.046 to 0.18 umole per 
ml are higher than the values reported for cat plasma (20). 

The analyses for ethanolamine in the liver were quite vari- 
able. It was noted in some cases that ethanolamine appeared 
not only at its usual place in the column eluate (Fig. 1) but 
also at lower concentration in the 500 ml or so preceding it. 
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Fia. 2. Variation with time of specific activity of blood and 
liver ethanolamine derivatives after the injection into rats of 
L-serine-3-C'4, O——O, Blood ethanolamine; O——DO, liver 
ethanolamine; @——®@, blood phosphoethanolamine; B——,@ 
liver phosphoethanolamine; X——X liver lipid ethanolamine; 
A——A, liver serine. 


TABLE II 


Incorporation of isotope into compounds isolated from rat liver 
homogenates incubated with L-serine-3-C™% 
Five-milliliter portions of a 1:5 liver homogenate in 0.15 m KCl, 
at final volumes of 10 ml were incubated for 1 hour at 37° in a 
Dubnoff shaker. Each vessel contained 20 umoles of L-serine-3- 
C4 containing 28,000 c.p.m., 1 umole of MgClz, and 1.5 wmoles of 
potassium phosphate buffer, pH 7.0. The reactions were stopped 
by the addition of 10% trichloroacetic acid, and 30 wmoles of car- 
rier phosphoethanolamine and 40 umoles of carrier ethanolamine 
were added if they had not been included in the supplement. 














Amount of radioactivity | Amount 
Supplement to incubation} Compound isolated |incorporated into isolated| formed 
compound* from serine 
c.p.m./ymole| total c.p.m. umole 
None Ethanolamine ef 66 0.05 
40 umoles of etha- | Ethanolamine 2.2 88 0.06 
nolamine 
40 umoles of etha- | Phosphoetha- 4.6 136 0.10 
nolamine nolamine | 








* Each compound was equilibrated with unlabeled serine sev- 
eral times until the specific activity of this carrier serine was sub- 
stantially less than that of the isolated compound. 


This is presumably due to hydrolysis of glycerolphosphoethanol- 
amine, which is present in high concentrations in rat liver (21). 
The liver picric acid filtrates were kept for varying lengths of 
time before application to the column. Since both picric acid 
and the Dowex 50 resin might hydrolyze glycerophosphoetha- 
nolamine, the ethanolamine recovered in each experiment proba- 
bly represents a variable mixture of preformed ethanolamine, 
and that resulting from hydrolysis of the diester. As a result, 
the actual concentration of ethanolamine in these samples is 
in some doubt. Since the radioactive content of glycerophos- 
phoethanolamine was found to be negligible at early time pe- 
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riods, (see also Dawson (21)), contamination of the ethanolamine 
by the diester would lower the specific activity. This is not 
a problem in the case of blood since there seems to be no ap- 
preciable concentration of glycerophosphoethanolamine in blood 
(20, 22). 

C™ Content of Ethanolamine and its Derivatives—The specific 
activities of these compounds, liver lipid ethanolamine, and liver 
serine at various time intervals after injection of L-serine-3-C™ 
are shown in Fig. 2. 

That the 2-minute values are higher than the 10-minute val- 
ues for some compounds is probably due in part to isotope 
contamination from serine or other very highly labeled prod- 
ucts. The rapid decline in specific activity of serine itself makes 
it likely that the contamination decreases with time and there- 
fore at no time after 2 minutes should it amount to more than 
the 2-minute value. 

The fact that the specific activity of phosphoethanolamine 
is higher than that of ethanolamine in both blood and liver 
indicates that serine may be phosphorylated before it is de- 
carboxylated. This may not hold in the case of liver, where 
the ethanolamine isolated is probably contaminated with etha- 
nolamine derived, after death, from breakdown of glycerophos- 
phoethanolamine, and the true ethanolamine probably has at 
all times a higher specific activity than that shown in Fig. 1. 
However, as will be discussed below, there seems to be very 
little, if any, conversion of serine to ethanolamine or derivatives 
in the liver itself. The blood, on the other hand, contains 
little glycerophosphoethanolamine so presumably the blood etha- 
nolamine, as isolated, more closely represents that present at 
the time of sampling. The fact that the specific activity of 
both ethanolamine and its phosphate ester are higher initially 
in blood than liver makes it unlikely that the liver has con- 
tributed a major fraction of the radioactivity of either com- 
pound to the blood. It, therefore, seems that the conversion 
of serine to ethanolamine takes place in a tissue or tissues other 
than liver. 

Conversion of Serine to Ethanolamine in Liver Slices and Ho- 
mogenates—Several experiments were carried out with liver 
slices and homogenates in which the conversion of serine to 
ethanolamine and phosphoethanolamine were studied. The 
greatest conversion occurred in homogenates but at no time 
exceeded 0.15% of the added serine. Table II presents the 
data for the homogenate experiment where the greatest syn- 
thesis of phosphoethanolamine took place. It may be noted 
that more isotope is incorporated into phosphoethanolamine 
than into ethanolamine, that the specific activity of phospho- 
ethanolamine is higher than that of ethanolamine despite the 
presence of carrier ethanolamine during the incubation, and that 
the conversion of serine to ethanolamine is unaffected by addition 
of ethanolamine at the beginning of the incubation. These ob- 
servations are consistent with conclusions drawn from the data 
in vivo that phosphoethanolamine is a more immediate product 
of decarboxylation of serine than is ethanolamine. The rate 
of this reaction, measured in vitro, 0.1 umole per hour or 0.0017 
umole per min per g of liver, although small, is sufficient to 
account for the observations in vivo. 

When phospho-t-serine-3-C“ was incubated with liver ho- 
mogenates no conversion to phosphoethanolamine or ethanol- 
amine was observed. 

Calculation of Rates of Turnover—If it is assumed that the 
sole pathway of phosphatidylethanolamine synthesis is by way 
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of phosphoethanolamine and cytidine diphosphate ethanolamine 
(23), and since the concentration of cytidine diphosphate ethanol- 
amine (23) is small compared to phosphoethanolamine, it is 
possible to calculate the turnover time of phosphatidylethanol- 
amine from the relation of its specific activity time curve to 
that of phosphoethanolamine. Such a graphical calculation es- 
sentially according to the method of Zilversmit et al. (24) has 
been carried out.4 The period 15 to 240 minutes has been 
used to avoid the early fluctuation in specific activity due proba- 
bly to contamination. The result is a turnover time of 333 
minutes or a rate constant of 0.0030 min-'. If the value of 
12 pmoles per g is used for liver lipid ethanolamine (25), the 
rate of synthesis would be 0.036 umole per min per g of liver. 
The rate of formation of liver phosphoethanolamine must be 
at least as great as that of phosphatidylethanolamine, and may 
be larger if it undergoes other reactions. 


DISCUSSION 


Conversion of Serine to Phosphoethanolamine—Two pathways 
have been indicated for the conversion of isotopic serine to liver 
phosphoethanolamine. In one, the decarboxylation takes place 
in the liver, in the second, decarboxylation takes place in some 
other tissue and phosphoethanolamine is then transported to 
the liver by way of the blood stream. There is insufficient 
data to get a precise estimate of the contribution of each path- 
way. However, one can estimate an upper limit for each by 
assuming that in the extreme cases one or the other pathway 
is the sole source of isotopic phosphoethanolamine. Then by 
calculations similar to those used in the preceding paper (6), 
one can calculate the maximum rate of conversion of liver ser- 
ine or phosphoserine to liver phosphoethanolamine to be 0.0007 
and 0.0015 umole per min per g respectively. At the other 
extreme, the maximum rate of conversion of blood phospho- 
ethanolamine to liver phosphoethanolamine is found to be 0.060 
ymole per min per g of liver. 

The values of 0.0007 and 0.0015 umole per min per g for the 
conversion of serine or phosphoserine to phosphoethanolamine 
in vivo are in good agreement with the value of 0.0017 umole 
per min per g found in vitro (Table II). Taken together, they 
strongly suggest that there is conversion of serine to phospho- 
ethanolamine in liver, but that this is small, and can account 
for less than 5% of the phosphoethanolamine, which has a 
turnover rate of at least 0.036 umole per min per g. The evi- 


‘Strictly speaking, these calculations assume that each com- 
pound studied constitutes a single compartment and that there 
is no distinction between old and new molecules. The fairly 
slow turnover rate, high concentration, and high solubility of 
phosphoethanolamine would tend toward fairly rapid mixing 
of this compound within and between various cell structures. 
Greater difficulties might be expected in fitting phosphatidyl- 
ethanolamine to this assumption. It would be reasonable to 
assume that phosphatides in various cell structures, mitochon- 
dria, endoplasmic reticulum, plasma membranes, and so forth, 
turn over at quite different rates. Dawson’s report (21) on the 
relation of P-labeled phosphatidylethanolamine to glycerophos- 
phoethanolamine seems to indicate, however, that the former 
compound acts as a homogenous precursor of the latter. Even 
if this were not true, and if the phosphatides actually consist 
of several compartments synthesized at different rates, the over- 
all rate calculated would hold fairly well, since, when the spe- 
cific activity of the product is rising rapidly, as in the case 
in question, each component contributes toward the rate ap- 
proximately in proportion to its mass and rate of synthesis. 
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dence that phosphoserine is involved in this reaction is incon- 
clusive. From studies both in vivo and in vitro it appears likely 
that phosphoethanolamine rather than ethanolamine is the first 
ethanolamine derivative produced from serine. However, we 
could not demonstrate conversion of labeled phosphoserine to 
phosphoethanolamine in liver homogenates. Should it prove 
to be an intermediate, incorporation of isotope from serine into 
phosphoethanolamine would constitute only an exchange reac- 
tion and would not represent net synthesis (6), and the 5% 
of phosphoethanolamine formed by way of this pathway would 
be derived in a net sense from phosphohydroxypyruvate and 
ultimately from phosphoglycerate (26). 

The second pathway involves the conversion of serine to phos- 
phoethanolamine at a site other than the liver and transport 
of the phosphoethanolamine to the liver by way of the blood. 
If the blood phosphoethanolamine accounts for as much as one- 
half of the isotope found in liver phosphoethanolamine, the 
rate.of conversion must be of the order of 0.03 umole per min 
per g of liver. This could account for most of the phospho- 
ethanolamine turnover. In this pathway transfer of isotope 
from serine to phosphoethanolamine probably corresponds to 
a net conversion. This is supported by the apparent rise in 
concentration of blood ethanolamine and phosphoethanolamine 
immediately after injection of serine (Table I), the observa- 
tion of Luck and Wilcox (17) that urinary ethanolamine in- 
creases after serine administration, and the observations that 
ethanolamine in the urine is replaced by phosphoethanolamine 
in the disease hypophosphatasia, in which there are lowered blood 
levels of alkaline phosphatase (27, 28). 

It seems likely that both of these pathways are operative 
and both may account for sizeable fractions of the isotopic 
serine converted to ethanolamine. The first taking place in 
the liver can account for only a negligible net production of 
phosphoethanolamine. The second taking place in some other 
tissue could account for a major fraction of the phosphoetha- 
nolamine turnover. The latter pathway implies that phospho- 
ethanolamine, unlike most phosphate esters, is readily trans- 
ported across cell membranes. 

For both of these pathways the first ethanolamine derivative 
formed from serine seems to be phosphoethanolamine although 
the detailed steps of its formation remain to be disclosed. 

Rate of Synthesis of Phosphatidylethanolamine in Liver—The 
value of 53 hours for the turnover time of phosphatidylethanol- 
amine in liver is somewhat faster, but is in general agreement 
with previously reported values for turnover of phosphatides 
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Fic. 3. Scheme for the quantitative interrelation of ethanol- 
amine derivatives in liver. Numbers refer to the rate of con- 
version in pmoles per min per g of liver. 
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in rat liver (29-31) and dog liver (32). All these values con- 
trast sharply with that of Dawson (21, 33) who calculated a 
turnover time of 29 hours. Dawson’s value rests on determi- 
nation of the rate of synthesis of glycerophosphoethanolamine, 
and the assumption that the only degradative pathway of phos- 
phatidylethanolamine in liver is by way of glycerophospho- 
ethanolamine. He, therefore, equated the rate of synthesis of 
glycerophosphoethanolamine, 0.007 umole per min per g, with 
that of phosphatidylethanolamine. The difference between our 
values and Dawson’s seem too large to attribute to method- 
ology alone. They could be reconciled if one assumed that 
phosphatidylethanolamine is secreted by the liver into the blood 
stream. The rate of plasma phosphatide turnover has been 
measured by Zilversmit et al. (32, 34) in the dog. If it is as- 
sumed that the turnover rate in rats is as high as or higher 
than in the dog, and that plasma phosphatides are mainly de- 
rived from the liver (35), this turnover could account for a 
major part of the difference between 0.007 umole per min per 
g found by Dawson and the value of approximately 0.036 umole 
per min per g reported in this paper. Further, as Dawson has 
noted (33), there may be other routes for the breakdown of 
ethanolamine phosphatides in liver itself. 

Scheme for Interrelation of Ethanolamine Derivatives—The evi- 
dence discussed suggests a possible scheme for the quantitative 
interrelation of ethanolamine derivatives in liver and blood as 
shown in Fig. 3. The figures accompanying the arrows refer 
to umoles per min per g of liver. Approximately 0.036 umole 
per min of phosphoethanolamine is converted to phosphatidyl- 
ethanolamine, 0.007 umole of this is deacylated to glycerophos- 
phoethanolamine (33), the rest secreted into the blood or broken 
down by other pathways. The phosphate diester is broken 
down to ethanolamine and glycerophosphate (33), an indeter- 
minate amount of the ethanolamine is converted to choline, 
glycolaldehyde, and other products (36), and the remainder re- 
acts with ATP to give phosphoethanolamine (37). This can 
supply at best 0.007 umole of phosphoethanolamine,; and the 
remainder of the 0.036 plus umole required must come from 
the blood, either as ethanolamine or phosphoethanolamine, with 
only a negligible portion formed de novo from serine or phos- 
phoserine in the liver. 


SUMMARY 


The pathway and rate of conversion of L-serine-3-C" to etha- 
nolamine derivatives has been studied in the rat, both in vivo 
and in vitro. 

Phosphoethanolamine appears to be the first ethanolamine 
derivative produced from serine. The conversion of serine to 
phosphoethanolamine is very slow in liver and probably re- 
flects isotopic exchange rather than net conversion. A net pro- 
duction of phosphoethanolamine from serine probably does take 
place in some other tissue or tissues, followed by transport to 
liver. 

The rate of synthesis of phosphatidylethanolamine is found 
to be 0.036 umole per min per g of liver. 

A scheme for the quantitative interrelation of ethanolamine 
derivatives in liver is presented. 
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The manner in which nutrients penetrate into cells is currently 
receiving much attention, and justly so, since penetration limits 
all further cellular action and metabolism. The penetration of 
chemical substances into cells can vary from passive diffusion to 
active transport. One of the best examples of the latter is the 
transfer of an electrolyte against an electrochemical gradient (1). 
Although much has been published about transport of amino 
acids by animal cells in vivo, most studies concern the transport 
mechanisms in the kidney (2) and in the intestine (3, 4). How- 
ever, Schwerin et al. (5) and Lajtha et al. (6), as well as Kamin 
and Handler (7), have examined the uptake of various amino 
acids by brain, and their work leads to the interesting conclusion 
that there is great variation in the rate of uptake of different 
amino acids by this tissue. In the present study an attempt has 
been made to investigate the mechanism whereby tyrosine is 
taken up by brain from the circulating blood, in vivo. It has 
been possible to show that the rate of accumulation of tyrosine 
by rat brain is more rapid for the L enantiomorph than for the 
p, and is markedly diminished in the presence of certain other 
amino acids. These and other findings indicate that the entry 
of tyrosine into brain involves more than simple diffusion. 


EXPERIMENTAL PROCEDURE 


Materials 

Chemicals—t- and p-Tryptophan were obtained from Mann 
Research Laboratories, Inc., 6-fluorophenyl-pt-alanine from K 
and K Laboratories, p-hydroxyphenylacetate, homogentisate, 
and p-hydroxyphenylpyruvate from California Corporation for 
Biochemical Research. Tyrosine, leucine, isoleucine, valine, 
histidine, cysteine, alanine, threonine, serine, arginine, lysine, 
glutamate, glutamine, and tyramine were obtained from the 
Nutritional Biochemicals Corporation. 

a-Methyl-pt-tyrosine was supplied by the Merck, Sharp and 
Dohme Research Laboratories. »b-Tyrosine, 3-carboxy-DL-tyro- 
sine, and 3-carboxy-O-methyl-pL-tyrosine were generously sup- 
plied by Dr. F. Leonard of the Geigy Research Laboratories. 

Iproniazid was obtained from Hoffmann-LaRoche, Inc., and 
L-amino acid oxidase (Crotalus adamantus venom) was purchased 
from the Ross Allen Reptile Institute, Silver Springs, Florida. 
L-Tyrosine-U-C™, 16 mc per mmole, was obtained from the 
Nuclear-Chicago Corporation, Chicago, Illinois. 

Animals—Sprague-Dawley male rats, weighing 240 to 260 g, 


* Fellowship supported by Geigy Chemical Company, Ardsley, 
New York. Present address, Laboratory of Chemical Pharma- 
cology, National Cancer Institute, Bethesda, Maryland. 

. + Present address, Geigy Research Laboratories, Ardsley, New 
ork. 


were used. Food was withheld for a period of 16 to 18 hours 
(with water ad libitum) preceding all studies in order to achieve 
uniform tissue levels. 

Amino Acid Injections—Each amino acid was dissolved in 
dilute HCl-saline (0.9% NaCl), neutralized with dilute NaOH, 
and brought to a known volume with saline. Tyrosine and 
other amino acids which were insoluble under these conditions 
precipitated, but yielded fine suspensions which were suitable for 
injection. The individual amino acids were injected intraper- 
itoneally in a volume of 1.5 ml, the total volume of injection 
never exceeding 3.0 ml in any study. No damage was evident 
in the area of the injection. Gullino et al. (8) have reported 
that administration of intraperitoneal injections of amino acids 
in 5-ml volumes to rats weighing 180 to 250 g had no deleterious 
effects. For control purposes, sham injections consisting of the 
neutralized acid and base in saline were administered. Maximal 
plasma levels were attained when 100 mg of tyrosine were in- 
jected. Increased amounts merely prolonged the duration of 
plasma level elevation. 

Tissue Preparation—Rats were anesthesized with ether, a mid- 
line incision was made, and the diaphragm was exposed and 
transversely cut. Blood was collected into a heparinized syringe 
by cardiac puncture, and plasma was separated by centrifugation. 
Immediately after removal of blood (5 to 6 ml), the hepatic vein 
and the spinal cord, with its adjacent blood vessels below the 
heart, were clamped with hemostats, and 15 to 20 ml of heparin- 
ized saline were slowly perfused by cardiac puncture so as to 
obtain brain tissue essentially devoid of blood. Where needed, 
other tissues were also removed. Tissue was homogenized in 
15 ml of 0.2 n HCl per g of tissue in a Lourdes homogenizer for 
1 to 2 minutes. Protein was precipitated from homogenates 
and plasma by the addition of trichloroacetic acid to a final 
concentration of 6%. The operation, from anesthesia to tissue 
homogenization, was completed within 10 minutes. 


Methods 


Tyrosine was assayed spectrophotofluorometrically after con- 
version to the corresponding nitrosonaphthol derivative, as de- 
scribed by Waalkes and Udenfriend (9). The same method was 
found suitable for the assay of a-methyl-pL-tyrosine. 

Tyramine was also measured fluorometrically after extraction 
and conversion to its nitrosonaphthol derivative. To extract 
tyramine, 0.15 ml of 2 m NasCO; and 0.20 ml of 0.5 m borate 
buffer, pH 9.6, were added to 2.0 ml of brain homogenate or 
diluted plasma, in a 30-ml, glass-stoppered tube; 20 ml of washed 
isoamy] alcohol were added, and the tube was shaken vigorously 
and centrifuged. A 10-ml aliquot of the isoamyl alcohol layer 
was transferred to a 30-ml, glass-stoppered tube containing 10 ml 
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of washed heptane and 3.0 ml of 0.2 n HCl. The tube was 
shaken vigorously and centrifuged. The organic layer was re- 
moved by aspiration, and 2.0 ml of the aqueous acid phase was 
taken for assay with nitrosonaphthol. For assaying p-hydrox- 
phenylacetic acid, the procedure of Chirigos and Udenfriend (10), 
as described for salicylic acid, was used. Tryptophan was meas- 
ured spectrophotofluorometrically in the manner described by 
Duggan and Udenfriend (11). 

Studies with Tyrosine-C'\—One uc of L-tyrosine-U-C™, 1 we/10 
ug, was injected intraperitoneally in a volume of 0.5 ml. At 
selected time intervals, individual rats were killed and protein- 
free filtrates of plasma and brain homogenates were prepared. 
The filtrates were extracted with ether to remove the trichloro- 
acetic acid and were then treated with Streptococcus faecalis to 
convert the tyrosine to tyramine, according to the method de- 
scribed by Udenfriend and Bessman (12). The tyramine was 
adsorbed on an IRC-50 column (Na+ form), and the column was 
washed with several volumes of water. The tyramine was then 
eluted with 3 n NH,OH, and aliquots of the eluate were taken 
for assay of fluorescence and radioactivity. For the latter meas- 
urement the solutions were transferred to tared, stainless steel 
planchets and evaporated to dryness. Radioactivity was meas- 
ured in a gas flow windowless counter having a background of 
3 c.p.m. and an efficiency for C' of about 45%. All samples 
were essentially weightless and were uncorrected. The final 
values were expressed as counts per minute per 10 ug of tyrosine. 


RESULTS 


In any study concerning transport of a chemical substance 
from the surrounding fluid into the cells of a given organ, calcula- 
tions are more meaningful when the substance is not metabolized 
by the cells. For this reason, Christensen et al. (13) have utilized 
the unnatural amino acid a-aminoisobutyric acid (a-methyl- 
alanine). In the present studies, it was shown that rat brain 
slices and homogenates do not destroy tyrosine to any appreciable 
extent, in confirmation of the work of Canellakis et al. (14). 
However, since metabolites of tyrosine, formed in liver and other 
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Tyrosine distribution between brain and plasma after administration 
of t-tyrosine* 








bP my Brain level Plasma level ey to No. of rats 
min ug/g ug/ml 
Of 17 + 0.4 14 + 0.8 1.30 + 0.06 23 
0 (a)t| 19+ 0.5 14 + 0.5 1.41 + 0.07 21 
0(b)t| 18+0.6 | 1240.6 | 1.47 + 0.06 19 
O(c)t| 1740.5 | 1340.9 | 1.39 + 0.06 18 
15 39 + 2 81 + 3 0.48 + 0.02 6 
30 61 + 2 83 + 4 0.72 + 0.03 23 
60 78 + 2 7 +3 1.04 + 0.02 22 
120 79 + 3 60 + 2 1.32 + 0.04 18 
180 34, 56 32, 40 4.2, 14 2 

















* Average values + the standard error of the mean for the 
number of rats indicated in the last column. tu-Tyrosine, 100 
mg, was injected intraperitoneally. 

t Endogenous levels, no injections. 

t Sham injection of the vehicle used to make up the tyrosine 
suspension: (a) 30 minutes, (6) 60 minutes, and (c) 120 minutes 
after the sham injection. 
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organs, would be circulating in the blood, it was also important 
that the method of assay be specific for tyrosine. The nitrogo- 
naphthol procedure, as described (9), was found to give little 
interfering fluorescence with any of the known metabolites of 
tyrosine, including homogentisic acid, p-hydroxyphenylacetic 
acid, and p-hydroxyphenylpyruvie acid. Tyramine, which js 
formed in trace amounts in animal tissues (15), is so rapidly 
metabolized by monoamine oxidase that it cannot be detected 
unless this enzyme is inhibited. Activation and fluorescence 
spectra of the apparent tyrosine-nitrosonaphthol derivative ob- 
tained from tissue and plasma were shown to be identical with 
those of standards; activation 460 my, fluorescence 570 my (un- 
corrected). Furthermore, essentially all of the material which 
reacted in this way with nitrosonaphthol could be destroyed by 
incubation with snake venom L-amino acid oxidase. 

The data in Table I are typical of the disposition of tyrosine 
when administered intraperitoneally to rats. The plasma level 
rose rapidly to several times normal and was maintained for 
almost 2 hours. This was so because the suspension of tyrosine 
in the peritoneal cavity acted as a supply depot so that the 
condition simulated a constant infusion procedure. Elevation 
of brain levels lagged behind that of plasma levels. However, 
significant increases in brain tyrosine were observed within 15 
minutes. Another interesting finding (also shown in Table I) 
is that the brain to plasma ratio of tyrosine achieved at the 
elevated plateau levels approached that found under control 
conditions. Ratios near equilibrium were attained in about 60 
minutes and were then maintained for the duration of the experi- 
ment even though the absolute levels subsequently fell. 

The data in Table I suggest the presence of a dynamic equilib- 
rium of tyrosine between brain and plasma. A similar conclusion 
could be reached by utilizing trace amounts of L-tyrosine-C™ 
in order not to alter the endogenous tissue concentrations of 
tyrosine. As shown in Fig. 1, the specific activity of tyrosine in 
brain equalled that in plasma in about the same time as it took 
for the large amounts of non-radioactive tyrosine to reach brain 
to plasma ratios greater than unity (Table I). Although the 
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Fig. 1. Distribution of .L-tyrosine-U-C' between brain and 
plasma of rats after its intraperitoneal administration. 
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radioactive tyrosine taken up by the brain was small compared 
to the total amount administered, it was large compared to the 
concentrations presented to it by the circulating blood. 

It is apparent from Table II that p-tyrosine is taken up much 
less readily by the central nervous system than L-tyrosine. It 
took longer for significant amounts to appear in the brain, and 
the brain to plasma ratios were considerably lower than those 
obtained with the natural form of the amino acid. However, 
administered D-tyrosine did elevate the levels in brain, and it 
was of interest to determine whether this material was still the 
p form or whether racemization had occurred. In one experi- 
ment with p-tyrosine, the extracts from several rats were com- 
bined, concentrated, desalted by the procedure described by 
Dent (16), and treated with snake venom, L-amino acid oxidase. 


TABLE II 
Distributions of L- and p-tyrosine between brain and plasma after 
administration 
The tissue levels in each case were obtained by measuring total 
tyrosine and subracting the levels of endogenous L-tyrosine. 
The latter values and the L-tyrosine data used in the calculations 
were taken from Table I. For p-tyrosine, each value represents 
































the average of two experiments, not corrected for racemization. 
t-Tyrosine (100 mg) p-Tyrosine (100 mg) 

Time Ratio, Ratio, 
Brain Plasma | brain to Brain Plasma brain to 

plasma plasma 

min pg/ml ug/ml 

15 22 68 0.32 9 100 0.09 

30 44 70 0.63 16 135 0.12 

' 60 61 64 0.95 27 119 0.23 
120 62 47 1.32 38 73 0.52 

TaBLe III 


Comparisons between solvent and tissue distributions of L-tyrosine 
and its congeners 


The tissue distributions are those observed 30 minutes after 
injection of the compound. Values for L-tyrosine were taken 
from Table I. Distribution coefficients were determined between 
n-butanol and 0.2 m phosphate buffer, pH 7.2. 














os Tissue distribution he. 
Compound 83 cient, n- 
os butanol: 
& iz Brain Plasma Brain: plasma water 
mg us/g ug/ml 
L-Tryosine 100 | 61 + 2) 83 + 4/ 0.72 + 0.03) 0.08 
Tyramine* 75| 23 101 0.23 0.06 
p-Hydroxyphenyl-| 100 0 486 0.00 0.27 
acetic acid 
a-Methyl-pt-tyro- | 100 8 103 0.08 0.12 
sine 200 13 135 0.10 
3-Carboxy-DL- 100 0 180 0.00 0.01 
tyrosine 300 16 1700 0.01 
3-Carboxy-O- 325 17 1555 0.01 0.00 
methyl-pL- 
tyrosine 




















* Isopropyl-isonicotinyl hydrazine (100 mg per kg), an inhibitor 
of monoamine oxidase, was administered in studies on tyramine 
to prevent rapid metabolism of this compound. 
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TaBLE IV 
Effect of amino acids on the brain to plasma distribution of L-tyrosine 


Control values are taken from the data in Table I and represent 
the average values + the standard error of the mean. 











Brain: plasma 
Amino acid* Pa 
30 min 60 min 
mmoles 
Wicca ssersicse.< o's — 0.72 + 0.03 | 1.04 + 0.02 
L-Tryptophan (4).... 0.81 0.18 0.31 
L-Tryptophan........ 0.26 0.40 0.62 
p-Tryptophan (2).... 0.81 0.42 0.71 
8-Fluorophenyl-pt- 
alanine @)......... 0.81 0.24 0.31 
L-Leucine (2)........ 1.14 0.24 0.41 
L-Isoleucine.......... 1.14 0.28 0.39 
Bie WENT oo siniainsc a0, carers 0.78 0.31 0.47 
L-Cysteine (2)....... 0.81 0.37 0.65 
L-Histidine.......... 0.96 0.38 0.62 
L-Alanine (2)........ 1.69 0.88 0.87 
ee eee! 1.42 0.94 1.22 
L-Threonine......... 1.26 0.77 0.81 
L-Arginine........... 0.86 0.84 1.49 
Se ages 3s 0524 1.02 0.83 1.04 
L-Glutamate......... 1.02 0.81 1.08 
L-Glutamine. ........ 1.02 0.86 1.36 














* Amino acids were injected 5 minutes before the L-tyrosine. 
The times reported for brain to plasma ratios were calculated 
from the time of injection of 0.55 mmoles of L-tyrosine. The 
values in parentheses indicate the number of animals used for 
each value, in those instances in which more than one animal was 
used. In such cases the average value is given. 


Only a small part of the observed increase in total tyrosine con- 
tent could be accounted for by an increase in L-tyrosine. This 
indicates that little racemization occurs after administration of 
p-tyrosine. Thus, the p isomer, as such, did penetrate into the 
central nervous system although to a much smaller extent than 
its natural isomer. 

The passage of drugs into the central nervous system is known 
to be limited by the “blood-brain barrier,” substances partition- 
ing in favor of organic solvents at body pH tending to enter more 
readily (17). In Table III, a comparison is made of the distri- 
butions between butanol and water and between brain and 
plasma of L-tyrosine and a number of related substances, includ- 
ing tyramine, p-hydroxyphenylacetic acid, a-methyl-pL-tyrosine, 
3-carboxy-DL-tyrosine, and 3-carboxy-O-methyl-p.-tyrosine. It 
is apparent that of all of these compounds L-tyrosine penetrates 
into brain most rapidly and that solvent-water partition cannot 
be the explanation for this. 

One of the most cogent arguments for a specific transport 
mechanism is the ability to demonstrate competition by related 
chemical compounds. The data in Table IV indicate that ac- 
cumulation of L-tyrosine is markedly diminished in the presence 
of a number of other amino acids. Thus, prior injection of L- 
tryptophan in amounts which produced blood levels about 5 
times greater than those of L-tyrosine diminished the uptake of 
the latter several fold. In fact, inhibition was appreciable when 
the amount of injected L-tryptophan was less than half that of 
the L-tyrosine. pb-Tryptophan was also effective but to a lesser 
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TaBLE V 
Effects of amino acid antagonists on increase in brain levels of 
L-tyrosine after its administration 

The tissue levels in each case were obtained by measuring total 
tyrosine and subtracting the endogenous levels of L-tyrosine 
(Table I). Control values were calculated from Table I and 
represent average values + the standard error of the mean. 
Each separate value represents the results from a single animal. 























Increase in brain level (ug/g) 
Amino acid 
30 min 60 min 120 min 
A re 4442 61 + 2 62 + 3 
Lt-Tryptophan...... 9, 12, 5,8 24, 26, 15, 23 60, 33 
8-F luoropheny]l-pt- 
alanine.......... 11, 4 25, 13 28 
Lt-Leucine.......... 2,1 7,7 21, 30 
TaBLeE VI 
Effect of amino acid antagonists on endogenous distribution of 
L-tyrosine 


The control values after sham injections are taken from Table 
I and represent average values + the standard error of the mean. 
The other values represent the average obtained on the number of 
animals shown in parentheses. 























Amino acid Time | Brain level | Plasma level Brain: plasma 
min pg/ml 
Control (21)....... 30 | 19 + 0.5] 14+ 0.5] 1.41 + 0.07 
Control (19)....... 60 | 18 + 0.6 | 12 + 0.6 | 1.47 + 0.06 
Lt-Tryptophan (4)..| 30 11 16 0.6 
L-Tryptophan (4)..| 60 12 14 0.9 
8-F luorophenyl- 
DL-alanine (2)...} 30 9 12 0.7 
8-Fluorophenyl- 
pDL-alanine (2)...| 60 9 12 0.7 
t-Leucine (2)...... 30 ll 9 1.2 
L-Leucine (2)...... 60 10 8 1.3 
TaBLe VII 
Comparison of uptake of L-tyrosine and some congeners by brain 
and muscle 


The gastrocnemius muscle was used in these experiments, and 
homogenized and assayed in the same manner as brain. Com- 
pounds were injected intraperitoneally. The values represent 
results obtained on individual animals. 











Tissue levels (ug/g) 
Tissue 
15 min | 30 min | 60 min |120 min 

L-Tyrosine (100 mg) Brain 40 58 | 75 91 
Plasma 82 77 67 66 

Muscle 46 70 | 101 87 

p-Hydroxyphenylacetic Brain 0 0 0 0 
acid (100 mg) Plasma 436 | 486 | 416 | 160 
Muscle 90 | 136] 152 66 

3-Carboxy-pL-tyrosine Brain 22 16 8 4 
(300 mg) Plasma | 2452 1700 | 660 | 260 
Muscle 172 | 120 50 16 
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extent. Fluorophenylalanine, leucine, isoleucine, valine, cys. 
teine, and histidine were also effective. In several experiments 
with pt-tyrosine, the levels in brain were found to be considerably 
lower than with L-tyrosine alone, suggesting that L-tyrosine up. 
take may also be inhibited by its D isomer. However, alanine, 
serine, threonine, arginine, lysine, glutamate, and glutamine did 
not show any ability to inhibit L-tyrosine accumulation by brain, 

The extent of inhibition of tyrosine uptake into brain by other 
amino acids is shown even more strikingly in Table V, where 
the actual brain levels, after subtraction of endogenous tyrosine 
content, are presented. .-Tryptophan, fluorophenyl-pt-alanine, 
and L-leucine are potent antagonists of L-tyrosine accumulation 
by brain. 

What is not shown in Tables IV and V is that in some instances, 
where uptake of administered tyrosine into brain was inhibited, 
not only were brain levels lower, but plasma levels of tyrosine 
were also altered, being increased by L-tryptophan, p-tryptophan, 
and fluorophenyl-pL-alanine and decreased by valine and the 
leucines. The decrease was particularly marked with the leu- 
cines, where the plasma levels of tyrosine were much lower at 
30 minutes and fell off more rapidly thereafter. This suggests 
that both penetration of tyrosine into other tissues and tyrosine 
metabolism are influenced by these amino acids. 

The endogenous t-tyrosine in the brain was also found to be 
decreased to a significant extent in the presence of certain other 
amino acids (Table VI). 

The classical way of demonstrating a blood-brain barrier to a 
given compound is to compare the uptake by brain with that of 
other tissues. On comparing the uptake of L-tyrosine into brain 
and muscle (Table VII) it is evident that this amino acid pene- 
trates into the central nervous system almost as readily as it 
does into muscle. On the other hand, related compounds, such 
as p-hydroxyphenylacetic acid and 3-carboxytyrosine, did not 
penetrate into brain although they were taken up by muscle. 
However, that even tyrosine uptake proceeds by a different 
mechanism in brain from that in muscle is suggested by our 
preliminary findings that the muscle uptake is inhibited by 
tryptophan to a much smaller extent than the brain uptake. 

In examining various rat tissues it was found that the free 
tyrosine content of normal spleen, as measured by the nitroso- 
naphthol procedure, was several times as high as in other tissues 
(50 to 150 ug/g). The uptake of injected L-tyrosine by this or- 
gan was, however, comparable to that of other tissues. 


DISCUSSION 


The use of tyrosine as a model compound to study the pene- 
tration of a naturally occurring amino acid into brain has a 
number of features to recommend it. The amino acid was not 
rapidly metabolized by brain, a fairly constant blood level could 
be maintained during the experiment, and it was possible to use a 
specific assay method. Christensen (13) has used a-methyl- 
alanine, an unnatural amino acid, to overcome the problem of 
metabolism, and this compound is indeed taken up readily by 
animal tissues. Thus, it would appear that a-methylalanine 
may penetrate into tissues by the same mechanisms as do the 
natural amino acids. However, in the present studies, the ac- 
cumulation of a-methyltyrosine by brain was small compared to 
that of L-tyrosine, and even smaller than that of p-tyrosine. 
Obviously, then, not all a-methyl derivatives retain this biolog- 
ical property of the parent amino acid. 
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The finding that L-tyrosine penetrates as readily into brain 
as into muscle is certainly of interest. However, we have found, 
in preliminary studies, that the inhibition of L-tyrosine uptake 
by L-tryptophan is much less in muscle than in brain. Guroff 
and Udenfriend! have confirmed this observation and, in fact 
find no significant inhibition in muscle. Moreover, the latter 
investigators have also found that, unlike brain, muscle does not 
show much discrimination between D- and t-tyrosine. It will 
be necessary to see whether these differences in uptake obtain 
at the site of the cells themselves or during passage from the 
blood vessels into the tissues. 

It is well to emphasize the fact that some p-tyrosine did pene- 
trate, as such, into brain and that not much racemization oc- 
curred during the 2-hour period of the experiment. 

Some studies were also carried out on the uptake of L-trypto- 
phan by brain. Unfortunately this amino acid disappears from 
the blood at a fairly rapid rate so that one cannot obtain a 
constant blood level. However, it would seem from preliminary 
studies, that many of the observations made with L-tyrosine also 
apply to L-tryptophan. 

Penetration of tyrosine into brain does not appear to involve 
uptake against an appreciable concentration gradient. How- 
ever, the findings reported here make it justifiable to conclude 
that the passage of L-tyrosine from blood into brain involves a 
relatively specific mechanism and is not the result of simple 
diffusion. The ability of related amino acids to inhibit t-tyro- 
sine entry into brain is one of the more cogent arguments for 
such a specific mechanism. Some, but not all, amino acids were 
capable of competing. Thus, it may be that more than one 
specific site exists for amino acid entry into brain. Another 
point of interest is that not all substances which decreased pene- 
tration of L-tyrosine into brain were themselves taken up to a 
significant extent. This was true for p-tryptophan. Investiga- 
tion of such substances may lead to the development of com- 
pounds which are even more potent inhibitors of amino acid 
transport without themselves being capable of penetration. 


SUMMARY 


1. Tyrosine was found to penetrate readily into rat brain in 
vivo. A brain to plasma ratio, comparable to that normally 


1G. Guroff and S. Udenfriend, to be published. 
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present, was attained at equilibrium irrespective of the absolute 
concentrations in the tissues. 


2. t-Tyrosine penetrated much more rapidly than either its 


D isomer or a number of other compounds of closely related 
structure. 


3. The penetration of L-tyrosine into brain was markedly 
diminished by other amino acids. However, this action was 
limited to other aromatic amino acids, and to leucine, isoleucine, 
valine, histidine, and cysteine. 

These findings warrant the conclusion that the entry of tyro- 
sine into brain involves a catalytic mechanism. 
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It was suggested by Blaschko (1) that the rate-limiting step 
in the biosynthesis of the pressor amines is the hydroxylation 
of the side chain of 3,4-dihydroxyphenylethylamine to form 
norepinephrine. The reaction has been demonstrated in vitro 
with the use of adrenal slices and homogenates (2, 3) and aqueous 
extracts of adrenal acetone powder (4, 5), but little has been 
learned about the mechanism of the hydroxylation. In homog- 
enates, the enzymatic activity is located in the particulate 
fraction obtained by high speed centrifugation (6), and until 
recently large amounts of activity have not been obtained in a 
soluble form. The restrictions which this has placed on purifica- 
tion of the enzyme system have limited detailed studies of the 
reaction mechanism. 

It was recently reported that the hydroxylating enzyme can 
be solubilized from particles of beef adrenal medulla (7). The 
present report describes the details of the solubilization method 
and procedures for the further purification of the enzyme. With 
the use of this partially purified enzyme preparation, a require- 
ment for ascorbic acid and oxygen has been observed. Balance 
studies indicate that in the reaction catalyzed by this enzyme 1 
mole of ascorbate is oxidized to dehydroascorbate for each mole 
of DOPamine! converted to norepinephrine. In support of 
this formulation, a DOPamine-dependent oxidation of ascorbate 
has been demonstrated. A relationship thus exists between 
this system and the system catalyzing the hydroxylation of the 
aromatic ring of phenylalanine: in each case hydroxylation of 
the substrate is coupled to oxidation of an equimolar amount of 
a cofactor (8). 


EXPERIMENTAL PROCEDURE 


Materials 


Ascorbic acid and fumaric acid were obtained from the Nutri- 
tional Biochemicals Corporation, DOPamine-HCl and 5,5- 
dimethyl-1,3-hexanedione (dimedon) from the California 
Foundation for Biochemical Research, sodium 2,6-dichloroben- 
zinoneindophenol and Cutscum from Fisher Scientific Com- 
pany, and ATP from Sigma Chemical Company and from 
Pabst Laboratories. DOPamine-a-C™ with a specific activity 
of 0.06 mc per mg was prepared by Merck and Company Ltd. 
The (1-methyl-2-phenyl)-ethyl hydrazine hydrochloride (JB- 


* Present address, Department of Biological Chemistry, The 
University of Michigan School of Medicine, Ann Arbor, Michigan. 

1 The abbreviation used is: DOPamine, 3,4-dihydroxypheny]- 
ethylamine. 
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516) was a generous gift of Dr. H. L. Daiell of Lakeside Labo- 
ratories. Dr. T.T.Tchen kindly supplied fumaric epoxide. 

Calcium phosphate gel, prepared by the method of Keilin 
and Hartree (9) was used after variable periods of aging. Glu- 
cose dehydrogenase was isolated from beef liver by a modification 
of the method of Strecker (10). Ascorbic acid oxidase, prepared 
by the method of Dawson and Magee (11) through the first 
ammonium sulfate fractionation step, was a gift of Dr. G. G. 
Ashwell and Mr. J. Kanfer. Crystalline catalase was obtained 
from Worthington Biochemical Corporation. 


Methods 








Measurement of Enzyme Activity—The enzyme activity was | 
ordinarily measured in a mixture containing the following com- | 


ponents (in micromoles): potassium phosphate buffer, pH 6.4, 
100; (1-methyl-2-phenyl)-ethyl hydrazine hydrochloride, 1.32 
ascorbic acid, 6; fumaric acid, 10; ATP, 12.5; DOPamine-HCl 
or DOPamine-a-C™“ HCl, 1; enough glucose dehydrogenase to 
give maximal stimulation of the reaction rate; and the enzyme 
to be assayed. The final volume was 0.68 ml. Ascorbic acid, 
fumaric acid, and ATP solutions were adjusted to a pH of 5.5 
to 6.5 before addition. The reaction mixture was incubated 
with shaking in open test tubes at 35°. 

Assay of Norepinephrine—Chromatographic, chemical, and 


fluorometric methods have been used for the assay of the nor- | 


epinephrine formed by the enzymatic reaction. The three meth- | 


ods differ in suitability, depending on the level of purification 
of the enzyme preparation being tested. Qualitatively identical 
findings were obtained with the three methods. 
Chromatographic Methods—The reaction was stopped by the 
addition of 2 ml of 3% acetic acid in ethanol (volume for volume) 
and the solution heated at 55° for 5 minutes to denature protein. 
The precipitate was removed by centrifugation. The volume 
of the supernatant liquid was reduced to 0.1 ml under a jet of 
nitrogen and then lyophilized to dryness. The residue was ex- 
tracted with 0.1 to 0.3 ml of a solution containing 2% acetic 
acid in 60% ethanol (volume for volume) and the extract clari- 
fied by centrifugation. This extract was used for chromatog- 
raphy, with the addition of carrier norepinephrine if necessary. 
Descending paper-partition chromatography was carried out in 
butanol-HCl (12) or in the phenol-HCl system of James (18). 


2 The (1-methyl-2-pheny])-ethyl hydrazine was used to prevent 
rapid removal of DOPamine by the monoamine oxidase in particle 
suspensions, and was routinely included in all reaction mixtures. 
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The latter procedure was modified by the omission of SO, and 
by the use of Whatman No. 3 filter paper. Radioactive norep- 
inephrine formed enzymatically from DOPamine-a-C™ was de- 
tected by counting paper strips in a windowless paper chromato- 
gram scanner. The areas corresponding to the respective 
catechol amines were then located by spraying the paper with 


| potassium ferricyanide (13), followed by ferric chloride in phos- 
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phoric acid, a modification of the method of Goldenberg e¢ al. 
14). 

: The chromatographic systems were used in the identification 
of the reaction product, and to semiquantitatively corroborate 
results obtained with the periodate-oxidation technique. 

Assay of Norepinephrine-C“ by Periodate Oxidation—The 
studies to be described have in part utilized an assay for norep- 
inephrine which is based on oxidation of the side chain with 
sodium periodate. Because of the presence of adjacent amino 
and hydroxyl groups, the carbon chain of norepinephrine is more 
susceptible to attack by periodate (15) than is the corresponding 
chain of DOPamine. DOPamine labeled with Cin the terminal 
position of the side chain was used as substrate for the enzymatic 
reaction, and the norepinephrine formed was treated with perio- 
date to liberate radioactive formaldehyde, which was then 
trapped and counted. 

For the periodate assay, the enzymatic reaction was stopped, 
the mixture deproteinized and concentrated, and an extract 
prepared, all in the same manner as for chromatography. This 
extract was diluted with 8 volumes of water and centrifuged. 
To 0.35 ml of the supernatant fluid, 0.15 ml of 2 m acetate buffer, 
pH 4.0, was added. An aliquot of 0.005 ml was removed and 
dried, and the radioactivity was measured in a Tracerlab TGC-14 
thin window gas flow counter to determine the starting number 
of counts. The remainder of the solution was equilibrated at 
39°, and 0.2 ml of saturated sodium periodate was added, fol- 
lowed by 0.1 ml of 1 m formaldehyde as carrier. Exactly 45 
seconds after the periodate addition, 2.0 ml of an aqueous sus- 
pension of acid-washed Norit A (100 mg per ml) were added to 
stop the oxidation by periodate. The Norit was removed by 
centrifugation and by filtration through sintered glass. To the 
filtrate were added 1.5 ml of 1 m sodium acetate in 0.5 m HCl, 
pH 4.5, followed by 6 ml of 0.8% dimedon. The mixture was 
allowed to stand in the gold for several hours. The precipitate 
was collected by centrifugation in the cold, washed four times 
with water, suspended in about 1.2 ml of acetone, plated, dried, 
weighed, and counted. The specific activity, corrected for self- 
absorption and for any variation in starting counts among sam- 
ples, was proportional to the amount of norepinephrine present 
in the reaction mixture. 

The period of incubation with periodate was limited to 45 
seconds to prevent extensive reaction with the side chain of 
However, since all the norepinephrine present did 
not react in this time, the method measured only relative, and 
not absolute, amounts of norepinephrine. A correction was 
made for the small amount of radioactive formaldehyde formed 
from DOPamine by assaying as a blank an incubation mixture 
in which norepinephrine formation had been prevented, either 
by deproteinizing before incubation, by using boiled enzyme, or 
by inhibiting the reaction with KCN. The results obtained 
with this method have been compared in numerous experiments 
with those obtained by separating the radioactive norepinephrine 
on paper chromatograms, and the two were always in good agree- 


weenoa 
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ment. The periodate-oxidation technique was most useful as a 
quantitative technique for measuring relative activity in crude 
enzyme preparations containing considerable amounts of catechol 
amines. 

Assay of Norepinephrine by Fluorometry—To stop the reaction 
an aliquot of the reaction mixture was added to half its volume 
of 3.3% trichloroacetic acid. The denatured protein was re- 
moved by centrifugation and an aliquot of the supernatant 
fluid diluted to 10 volumes with water. A sample of 0.05 ml was 
then analyzed for norepinephrine by the method of von Euler 
and Floding (16), adapted to the Farrand fluorometer. This 
method was used to measure norepinephrine formation with the 
most highly purified enzyme preparations, the dialyzed ammo- 
nium sulfate fraction and the gel eluate. 

Other Methods—DOPamine was determined by the fluoro- 
metric method of Carlsson and Waldeck (17). Ascorbic acid 
was determined by titration against 2 ,6-dichlorobenzenone-indo- 
phenol (18), and the total ascorbic, dehydroascorbic, and diketo- 
gulonic acids by the Roe method (19). Protein was determined 
spectrophotometrically (20). 


RESULTS 


Preparation of Enzyme 


All steps were carried out at 2-4° unless otherwise specified. 
Mechanical stirring was used during all additions. Additions 
of ammonium sulfate were made over a period of 30 to 90 min- 
utes; the precipitates were equilibrated for 10 minutes and then 
collected by centrifugation for 10 minutes at 12,000 x g. Un- 
less otherwise stated, 0.02 m phosphate buffer, pH 6.8, was 
employed. Dialyses were performed in a rocking dialyzer for 
3 hours against at least a 40-fold excess of the same buffer, 
changed once. Glass-distilled water was used throughout all 
procedures. 

Preparation of Particles—About 40 to 45 g of medulla were 
dissected from 1 kg of fresh or fresh frozen bovine adrenals, 
minced well, suspended in 3 volumes of buffer, and homogenized 
vigorously in a Teflon or glass homogenizer. The suspension 
was centrifuged for 10 minutes at 1,000 x g and the sediment 
discarded. The homogenate was recentrifuged for 35 minutes 
at 100,000 x g, the supernatant fluid discarded and the particles 
allowed to drain. The insides of the tubes were wiped to remove 
fat. The particles were then resuspended in buffer by gentle 
homogenization to give a final volume of about 25 ml. This 
suspension retains enzymatic activity for several weeks when 
stored at —20°. 

Solubilization of Enzyme—About 50 ml of the frozen particle 
suspension were carefully thawed and diluted to 100 ml with 
buffer. The mixture was treated with Cutscum by adding drop- 
wise 3 aliquots of 11.1 ml of 5% (volume for volume) Cutscum; 
10 minutes of equilibration with gentle stirring was allowed 
after each aliquot. The suspension was centrifuged for 35 min- 
utes at 100,000 x g and the inactive sediment discarded. 
The supernatant fluid was diluted to 220 ml with buffer, and 123 
g of solid ammonium sulfate were added. On centrifugation the 
precipitate which contained the enzyme rose to the surface; the 


3 Performed by Dr. G. Martin. 

4 The active constituent of this detergent, isooctylphenoxypoly- 
ethoxyethanol, was used by Cotzias et al. (21) in the solubilization 
of monoamine oxidase from rabbit liver homogenates. 
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solution beneath was aspirated and discarded. The precipitate 
was resuspended in about 200 ml of 80%-saturated ammon- 
ium sulfate, again collected by flotation, and dissolved in 30 ml 
of buffer; 600 mg of acid-washed Norit A were added and dis- 
persed well. The suspension was allowed to stand 10 min- 
utes with occasional stirring, and then centrifuged to remove the 
Norit. The supernatant fluid was dialyzed for 3 hours and then 
recentrifuged for 10 minutes at 12,000 x g to remove debris. 

Fractionation with Ammonium Sulfate—To each 100 ml of 
soluble enzyme, 14.7 g of solid ammonium sulfate were added. 
As before, the precipitate rose to the surface on centrifugation. 
This precipitate was discarded, and to the liquid another 7.0 g 
of ammonium sulfate were added for each 100 ml of starting 
solution. The precipitate obtained by centrifugation was dis- 
solved in one-fifth the original volume of buffer and the prepara- 
tion was then dialyzed. The protein concentration was adjusted 
with buffer to about 26 mg per ml. 

Adsorption and Elution from Calcium Phosphate Gel—The 
dialyzed ammonium sulfate fraction was diluted with about 2 
volumes of cold water, so as to contain 8.5 to 9.0 mg of protein 
per ml. To each 100 ml of solution was added enough calcium 


TABLE I 
Chromatography of reaction product 
See text for details. 








Rr value, butanol-HC1 
Whatman No. 3 
j ACERS Ae eee ee 0.23 
RT e875 Sin PA AB.Cia ewe a ek is ala eye oe 0.18 
IID Soi. 5 Sule Sinates vemos seieesiene 0.13 
Enzymatic reaction product............... 0.13 
Norepinephrine methyl] ether*............. 0.40 
Derivative of reaction product*........... 0.40 








* Prepared by Tullar’s procedure (22). 


TaBLeE II 
Specificity of ascorbate requirement 


Standard conditions as described in the text. 
12 minutes. 


Incubated for 


Assay: fluorometric method. 








Cofactor added umoles se > arn 
wmole/ml 

(FTE CE TEE ET CLOTS EE 6 0.37 
De PET ETT 6 0.38 
Ra Fa acl al ge Se tees 6 0.31 
Ne esas. 9 20 ae Ge merge vee 6 0.35 
MR afict cc eace corsets voce caceneies 6 0.08 
Dihydroxymaleate................... 5.5 0.04 
a I SEA Lal LMC Eee ae tt 0.75-6.0 | 0.02-0.03 
NON. SU Ea. idk 6 
cat tAPiaeh sb histe dui ASN lnatcoll baa — 
NOt 55s 3.0.6 stoehin is waren oy 6 0.00 
ities oh btre shiners aanenrine satin 2 0.04 
Aa ee ee ene 2 0.06 
Tetrahydrofolic acid................. 1 0.06 
2-Amino-4-hydroxy-6, 7-dimethyl- 

tetrahydropteridine................ 1 0.07 
Ey ihe pant ean hs eA EA a 0.04 
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phosphate gel (containing about 20 mg of solid per ml) to adsorb 
all of the activity. (The exact amount, usually about 1.8 ml 
per ml of enzyme, was determined on a small aliquot.) The 
mixture was stirred for 7 minutes and centrifuged at 0°. The 
supernatant fluid was discarded, and the gel eluted successively 
with 100 ml of 0.02 m, 0.05 M, and 0.10 m phosphate buffer, pH 
6.8. The first eluate was discarded, and the last two eluates, 
each containing about one-half the activity, were combined. 
The two fractionation steps removed 98% of the protein pres- 
ent in the soluble extract. As there was a marked gain in units 
of enzyme activity during the procedure, particularly at each of 
the dialysis steps, the actual purification is unknown. The final 
enzyme preparation was a clear colorless solution, stable for 
months at —20°. The activity remained in the supernatant 
liquid after filtration of the preparation through Whatman No. 1 
filter paper and centrifugation for 2 hours at 100,000 x g. 


Identification of Reaction Product 


Characterization of the product of the enzymatic reaction as 
norepinephrine is based on several criteria. The susceptibility 
of the product to oxidation by periodate suggests the addition 
of a hydroxyl group to the 6 carbon of the side chain (15). More- 
over, the reaction product has an Ry value identical with that 
of norepinephrine both in butanol-HCl and in phenol-HCl, and 
gives the typical catechol-amine color reaction when sprayed 
with potassium ferricyanide (13). It forms a characteristic 
fluorophore under the conditions of the method of von Euler and 
Floding (16). Finally, the radioactive product of the enzymatic 
reaction has been subjected to the procedure of Tullar (22) by 
which norepinephrine is converted to a methyl ether in which 
the methyl group is linked to the hydroxyl of the side chain. 
On chromatography in butanol-HCl, essentially all the radioac- 
tive material migrates with the same Ry value as authentic 
norepinephrine methyl ether (Table I). 


Dependencies 


Ascorbic Acid—Certain reducing agents appear to function as 
cofactors in enzyme-catalyzed hydroxylations (23-26). There- 
fore, various reducing compounds were tested for their effect on 
the production of norepinephrine from DOPamine. It was 
found that the activity of particle suspensions is enhanced by 
the presence of ascorbic acid, and that the solubilized enzyme 
and the more purified preparations show an almost complete 
dependence on added ascorbate (Table II). The K, for ascor- 
bate is about 6 x 10-‘ M, and maximal activity is obtained at 
9 x 10°* m. Of the reducing agents tested, only p-ascorbic 
acid, isoascorbic acid, and glucoascorbic acid have comparable 
activity. Other enediols, SH-compounds, and reduced pteri- 
dines have little or no activity. DPNH and TPNH do not 
replace ascorbate, even at concentrations 2- to 3-fold greater 
than those in Table II. Under the standard assay conditions, 
ascorbate does not hydroxylate the side chain of DOPamine in 
the absence of enzyme or in the presence of boiled enzyme. 

Further evidence for the participation of ascorbic acid in nor- 
epinephrine formation by this enzyme system was the demon- 
stration that a squash ascorbic acid oxidase preparation inhibits 
the ascorbate-dependent hydroxylation of DOPamine (Table III). 
This preparation, which converts ascorbic acid to dehydroascor- 
bic, does not metabolize dehydroascorbic acid or its hydrolysis 
product, diketogulonic acid, suggesting that these compounds 
cannot replace ascorbic acid as cofactors. A control experiment 
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demonstrated that the ascorbic acid oxidase does not catalyze 
the destruction of norepinephrine. 

The possibility has been considered that ascorbic acid acts by 
protecting norepinephrine from oxidation, although such an ef- 
fect seems unlikely under the conditions in the incubation mix- 
ture (27). To test this possibility, radioactive norepinephrine 
was added to a standard reaction mixture containing nonradio- 
active DOPamine, and to a similar mixture lacking ascorbate. 
After a 40-minute incubation, all the radioactive material from 
each of the reaction mixtures still migrated as norepinephrine in 
butanol-HCl. On analysis by the periodate method, equal 
amounts of radioactive norepinephrine were found in the two 
mixtures. Moreover, the stimulation of norepinephrine forma- 
tion by ascorbate is not due to an inhibition of the nonenzymatic 
oxidation of the substrate, since this oxidation does not remove 
enough DOPamine to significantly affect the rate of the hy- 
droxylation. 

Fumaric Acid—In early experiments with the use of particle 
preparations to catalyze the formation of norepinephrine from 
DOPamine, a-ketoglutaric acid was routinely included in all 
reaction mixtures to provide an energy source for the particles. 
It was later observed that the formation of norepinephrine was 
markedly diminished if the a-ketoglutarate was omitted from 
the mixture, even with the most purified fractions of the soluble 
enzyme. Of various dicarboxylic acids and related compounds 
tested as substitutes for a-ketoglutarate, fumarate is the most 
active (Table IV). It is interesting that Neri et al. (4), who 
obtained synthesis of a norepinephrinelike material from DOP- 
amine with the use of beef adrenal acetone powder extracts, 
routinely included fumarate in their buffer system, although 
they did not demonstrate any effect of fumarate on the reaction 
rate. Fumarate also stimulates certain adrenal steroid-hy- 
droxylating systems (28, 29), an effect which has been at least 
partially explained by its function as a substrate for the genera- 
tion of reduced pyridine nucleotides (30). In the DOPamine- 
hydroxylating system oxidized or reduced DPN or TPN do not 
replace fumarate or stimulate the fumarate-dependent reaction, 
even in the presence of glucose and glucose dehydrogenase. 
However, the glucose dehydrogenase preparation itself contains 
a factor which stimulates the formation of norepinephrine. This 
factor is heat labile. Kaufman (8) found that glucose dehydrog- 
enase preparations also stimulate phenylalanine hydroxylation 
under conditions where no generation of reduced pyridine nucleo- 
tides occurs. 

Table V demonstrates the cofactor requirements and the 


stimulation by glucose dehydrogenase, as well as the complete . 


inhibition of the system by KCN and by the exclusion of oxygen. 
Also shown in Table V is the stimulation of the conversion of 
DOPamine to norepinephrine by ATP, first reported to occur 
with an enzyme from beef adrenal acetone powder extracts by 
Neri et al. (4), and later confirmed by Kirshner (5). With the 
enzyme preparation used in the present study the extent of the 
stimulation is much less than that reported by Kirshner. It has 
recently been found that both ATP and glucose dehydrogenase 
can be almost completely replaced by crystalline catalase, sug- 
gesting that neither of these substances is intimately involved in 
the hydroxylation reaction. The catalase has been found to 
protect the enzyme from an inactivation induced by the presence 
of ascorbate. 

As indicated in Table V, inclusion of the amine oxidase inhib- 
itor does not affect the activity with the purified enzyme, nor 
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TaB_e III 
Effect of partially purified ascorbic acid oxidase on 
DOPamine hydroxylation 

Standard conditions as described in the text, except that a rate- 
limiting amount of ascorbate (1.2 umoles) was added. Incubated 
for 12 minutes. Enough ascorbic acid oxidase was added to oxi- 
dize over 90% of the ascorbate during the incubation period. 

Assay: fluorometric method. 








Addition Norepinephrine formed 
umole/mi 
el ode et ae A Aan tire SON he gah. | 0.69 
Ascorbic acid oxidase. .................... 0.17 
Boiled (4 minutes) ascorbic acid oxidase... 0.64 








TaBLe IV 
Specificity of fumarate requirement 


Standard conditions as described in the text. 
40 minutes. 


Assay: periodate method. 


Incubated for 








Addition pumoles Relative activity 
EE OO Ene. 10 100 
BUSIGTID GBGMIIB......:..0.0.5.< 9.00: dbeisns on 10 66 
o-Ketoglutarate. .......0.c00e0cc0epic 10 66 
DNONES ais hiv te fai lerpa MR a Rtedtete 10 47 
WO ies. be iesiaduosl..cieedbs 10 39 
ONO 004). 05.2006 00S. Lewes 10 28 
Dihydroxymaleate................... + 27 
Co Se ee ay eee 10 20 
pee shale Ra aeRn 10 18 
y-Amino Hubyrate..-..... i seco tess 10 16 
PREECE I Sea 16 
MOE if cy: 5:455s0.010teo-aeyeptine ae TS 10 14 
DE IID ia. aie 4.0.60 0:s: 0:4 (10) 9 
BIN iia 2os figs ap Heceiewm yee wees 10 7 
ee eee ea 10 6 











TABLE V 
Cofactor dependencies of enzyme (gel eluate) 


Standard conditions as described in the text. Incubated for 
11 minutes. 


Assay: fluorometric method. 











Omitted from system Norepinephrine formed 
umole/ml 

| Sn Ar es ee 0.23 
PIII oo 6.55 ri ihn ds sta, vopaautic eke 0.04 
NT og series args sind seeiiemenn a vimeana 0.03 
Glucose dehydrogenase + ATP............ 0.10 
Glucose dehydrogenase.................... 0.13 
PP i Sdcckesdale dn cate aceasta ae ene 0.16 
Glucose dehydrogenase, ATP, and fuma- 

SR er gaol ame tet Aa NEE 0.02 
(1-Methyl-2-phenyl)-ethyl hydrazine hy- 

CONE. ois clonis ss ce ranantrenon en 0.24 
KCN (0.4 smole) added................... 0.01 
Bis GUMNOMIN oe o.s co cos sg ceacns > pat sweeee 0.01 
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Fic. 1. DOPamine-dependent disappearance of ascorbate. 
O——O, no DOPamine; @——@, 0.4 umole DOPamine. Each 
cuvette contained (in ywmoles): ascorbate, 0.048; succinate, 9.1; 
potassium phosphate buffer pH 6.4, 100; and 53 ug of enzyme (gel 
eluate). Total volume was 0.86 ml. Incubated at room tempera- 
ture. Succinate was used instead of fumarate in this experiment 
because of the relatively high extinction of the latter at 260 mz. 
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TaBLe VI 
Balance studies of the reaction 


In Experiment 1 the reaction mixture contained the following 
components (in micromoles) : potassium phosphate buffer, pH 6.4, 
400; (1-methyl-2-phenyl)-ethyl hydrazine hydrochloride, 5.1; as- 
corbic acid, 4.8; fumaric acid, 40; ATP, 50; DOPamine hydro- 
chloride, 4; glucose dehydrogenase; and 106 ug of hydroxylating 
enzyme (gel eluate). The volume was 2.8 ml, and incubation was 
carried out with shaking at 35°. The values for ascorbic acid are 
corrected for the small amount disappearing in the absence of 
DOPamine or with boiled enzyme; under the conditions of this 
experiment the correction ranges from 10 to 20% of the change 
in the experimental vessels. In Experiment 2 the conditions were 
the same except that 24 umoles of ascorbate were present. 

Norepinephrine was determined by the fluorometric method. 








| Total ascorbate, 
Experi- Time of Norepineph- | DOPamine | Ascorbate a 
ment No. | incubation rine formed | disappearing | disappearing dik iedenate 
disappearing 
min pmole/ml pmoles/ml pmole/ml pmole/ml 
1 12 0.20 0.20 0.22 0.00 
45 0.55 0.62 0.59 0.08 
2 20 0.58 0.57 
40 0.92 1.01 




















does it affect the cofactor requirements. Inhibition studies of 
Imaizumi et al. (31) suggested that flavin coenzymes might 
participate in this reaction, but concentrations of flavin adenine 
dinucleotide or flavin mononucleotide of 0.5 to 1.0 umole per 
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TABLE VII 
Balance studies of the reaction 


The reaction vessels contained: potassium phosphate buffer, 
pH 6.4, 600 umoles; ascorbic acid, 36 umoles; ATP, 76 umoies; and 
an excess of glucose dehydrogenase. The experimental vessels 
also contained 0.6 ml (420 ug) of the hydroxylating enzyme (gel 
eluate), and the control vessels the same volume of enzyme which 
had previously been boiled 5 minutes. Fumaric acid was added 
as indicated. DOPamine-HCl, 6 umoles, was tipped in from the 
side arm to start the reaction. The total volume was 4.08 ml 
and, the incubation was carried out with shaking for 14 minutes 
at 35°. The center well contained 0.2 ml of 5 Nn NaOH and a 
folded filter paper strip. Norepinephrine was determined by the 
fluorometric method. 





Oz uptake Norepinephrine formed 





Experi- | 


Experi- 
mental Net 


Control prepa Control} Net 














pmoles pmoles 
Fumarate (75 yumoles) 
2.12 
0.82 
Net fumarate-dependent | 


WINNIE oe. Sok teak 


0.41 | 1.71 
0.52 | 0.30 


1.70 | 0.00 | 1.70 
0.18 | 0.00 | 0.18 





1.41 








1.52 





ml do not affect the enzymatic rate in the presence or absence 
of fumarate. 

DOPamine-dependent Disappearance of Ascorbic Acid—Deter- 
mination of ascorbic acid by titration with sodium dichloro- 
benzenone-indophenol (18) revealed a DOPamine-dependent 
stimulation of the disappearance of ascorbate in the presence of 
purified enzyme. Fumarate is required for the stimulation. A 
DOPamine-dependent oxidation of ascorbate can also be demon- 
strated spectrophotometrically by utilizing the fact that at 260 
my ascorbic acid has a much higher extinction coefficient than 
does its oxidation product, dehydroascorbic acid. Fig. 1 demon- 
strates that the diminution in optical density at 260 my is much 
greater in a reaction mixture containing DOPamine than in one 
lacking DOPamine. 


Balance Studies of Reaction 


A study of the stoichiometry of the reaction shows that es- 
sentially equimolar amounts of DOPamine and ascorbate are 
utilized and an equivalent amount of norepinephrine is formed 
(Table VI). While the reducing power of ascorbic acid is disap- 
pearing, the total amount of ascorbic, dehydroascorbic, and 
diketogulonic acids, as measured by the Roe test, remains un- 
altered, establishing oxidation as the only route of metabolism 
of ascorbate in this system. 

The oxygen consumed during the enzymatic reaction has been 
measured by the standard methods of Warburg respirometry 
(32). Table VII shows the results of an experiment in which 
the oxygen uptake is compared to the formation of norepineph- 
rine. The data indicate that 1 mole of oxygen is utilized for 
each mole of norepinephrine formed. 

As a result of these experiments, the reaction catalyzed by 
the solubilized adrenal medulla enzyme can be formulated as 
follows: 


: fumarate 
DOPamine + ascorbate + O2 


norepinephrine + dehydroascorbate + H:0 
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The mechanism by which fumarate participates in the reaction 
remains to be elucidated. 


DISCUSSION 


The term “mixed function oxidases” was applied by Mason 
(33) to enzymes catalyzing the reduction of one atom of a mole- 
cule of oxygen, coupled to oxygenation or hydroxylation with 
the other atom. Enzymatic hydroxylations with molecular oxy- 
gen as the source of the oxygen of the hydroxyl group are reac- 
tions of this type and involve a reducing agent as a cosubstrate 
(33). On the other hand, when the oxygen of a hydroxyl group 
is derived from water, as probably occurs in the hydroxylation 
of nicotine (34), an oxidizing agent is required as a cofactor. 
Since the enzyme system catalyzing the hydroxylation of DOP- 
amine also catalyzes a substrate-dependent oxidation of ascor- 
bate, utilizing 1 mole of oxygen per mole of norepinephrine 
formed, it seems likely that this enzyme is a mixed-function 
oxidase. Thus, the oxygen of the hydroxyl group is presumably 
derived from molecular O2, although this remains to be proved 
by direct experiment. 

In other enzymatic systems which may tentatively be clas- 
sified as mixed-function oxidases, reducing agents such as TPNH 
(23, 24), dihydroxymaleic acid (25), or a tetrahydropteridine 
(26) participate in the hydroxylation reaction. Moreover, the 
reduced pteridine has been shown to be stoichiometrically oxi- 
dized during hydroxylation of phenylalanine (8). Probably the 
chemical mechanism of action is similar for all the mixed-func- 
tion hydroxylases, despite the differences in specificity for the 
reducing agent. However, the specificity of ascorbic acid as an 
electron donor for the hydroxylation in vitro of DOPamine is of 
special interest because of the presence of large amounts of 
ascorbic acid in the adrenal medulla (35), thus suggesting a 
physiological role for ascorbate in norepinephrine formation.® 

Even with the most highly purified preparation of the adrenal 
enzyme, a very slow hydroxylation of DOPamine occurs in the 
absence of any added ascorbate. Possibly this is due to slight 
activity of the catechol group of DOPamine as an electron donor 
for hydroxylation of the side chain. The ascorbate-independent 
reaction is too slow to affect the results obtained in the stoichi- 
ometry experiments. 

It is interesting to consider whether the amounts of this enzyme 
present in the adrenal medulla are enough to be of quantitative 
significance in the formation of norepinephrine in the intact 
animal. Under the standard assay conditions, 0.05 ml of the 
gel eluate catalyzes the formation of 200 to 400 myumoles of 
norepinephrine in 10 minutes. This volume of enzyme corre- 
sponds to a preparation derived from about 90 mg of adrenal 
medulla. If, as suggested by Blaschko (1), the hydroxylation 
of DOPamine is the rate-limiting step in the formation of both 
epinephrine and norepinephrine, the activity per gram of tissue 
under the standard assay conditions is sufficient to lead to the 
formation of all the epinephrine and norepinephrine known to be 
present in beef adrenal medulla (37) within 0.25 minutes, even 
assuming no loss of enzyme during the purification procedure. 


5 No enzyme is known which incorporates each of the atoms of 
an oxygen molecule into a molecule of substrate (33). 

6 Ascorbic acid has a catalytic role in the nonenzymatic hy- 
droxylation of aromatic compounds (36), but no substrate-de- 
pendent oxidation of ascorbate occurs in that system. 
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Since experiments in other animals suggest that the rate of 
catechol-amine turnover in the adrenal is quite low (38, 39), 
this is probably a far more rapid synthesis of these compounds 
than actually occurs in vivo. It seems likely that physiological 
inhibitors and regulators limit the reaction rate in the intact 
gland. The increase in total activity which is observed during 
the purification procedure would be consistent with the removal 
of such an inhibitor. 


SUMMARY 


1. An enzyme which catalyzes the hydroxylation of the side 
chain of 3,4-dihydroxyphenylethylamine to form norepinephrine 
has been solubilized and partially purified from bovine adrenal 
medullary particles. 

2. Ascorbic and fumaric acids are required for activity with 
the partially purified enzyme. Oxidized or reduced pyridine 
nucleotides have no effect on the reaction rate. The enzyme is 
inactive under anaerobic conditions, or in the presence of 6 X 
10-* m KCN. 

3. With the partially purified enzyme, a 3,4-dihydroxyphenyl- 
ethylamine-dependent oxidation of ascorbic acid has been 
demonstrated. 

4. The stoichiometry of the reaction has been determined. 
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Plant tissues readily incorporate the methyl group of L-methi- 
onine into the methyl ester of pectic substances (1, 2). That 
such incorporation is influenced by the hormonal action of indole- 
3-acetic acid was demonstrated by Ordin et al. (1) with tissues of 
oat seedlings. It was also shown that t-methionine is a more 
effective methyl donor in the methyl esterification of pectic 
substances in oat seedling sections than are its derivatives, 
methionine sulfoxide and S-methylmethionine (3). Formalde- 
hyde appears, however, to be a still more effective methyl pre- 
cursor in plants than the preformed methyl group of methio- 
nine (4). Whether indoleacetate influences pectic methyl ester 
formation when formaldehyde is the source of methyl has not, 
however, been reported. 

The present investigation was undertaken to determine: (a) 
the effect of formaldehyde upon the growth rate of the oat cole- 
optile, (0) the rate of formaldehyde incorporation into cell wall 
components as well as into other cellular fractions, and (c) the 
influence of indoleacetate upon such incorporation. 

Preliminary experiments with 2.86 x 10-5 m indoleacetate 
revealed that formaldehyde in concentrations of 10-* and 10-* u 
is not toxic to oat coleoptile sections as determined by standard 
growth tests (5). Furthermore, after 4 hours of incubation at 
25° in the dark, formaldehyde in concentrations of 10-5 to 10-¢ 
M promoted growth by 25% above the level elicited by indole- 
acetate treatment alone. Thus, formaldehyde increases the ef- 
fects of indoleacetate in promoting growth of oat coleoptile 
sections. In addition, incorporation experiments with oat tis- 
sue indicated that formaldehyde is converted to the methyl 
ester of pectin two to three times faster than is the methyl group 
of t-methionine. 


EXPERIMENTAL PROCEDURE 


The experimental material consisted of 5-mm coleoptile sec- 
tions cut 3 mm below the tip of Avena (variety Siegeshafer) 
seedlings. The seeds, after being soaked 1 hour in distilled 
water, were sown in stainless steel trays containing a 5-cm depth 
of vermiculite previously soaked in distilled water. These were 
placed in a standard Avena culture room with a relative humidity 
of 90% at 25° and in the presence of red light. Water was 
sprinkled over the seedlings at 72 hours and these were harvested 
when 96 hours old. Primary leaves were retained. Paraformal- 
dehyde-C“ was obtained from Nuclear-Chicago Corporation, 
and was decomposed by distillation directly into water. Alter- 


* Report of work supported in part by the Tobacco Industries 
Research Committee. 


natively, the compound was sealed in a glass tube with water 
and heated at 100° for 1 hour. Such solutions of formaldehyde 
contained 5.1 to 6.8% of nonvolatile impurity which was neither 
taken up by the plant material, nor precipitable by Dimedon (6). 

Oat coleoptile sections were floated on unbuffered aqueous 
solution of formaldehyde-C™. In the first set of experiments 2 
g of sections were used (except for the 15-minute incubations for 
which 4 g were used); 10 ml of solution containing 0.286 umole 
of indoleacetate and 1.3 to 1.4 wmoles of formaldehyde-C™ 
(620,000 to 640,000 c.p.m.) were used for each 2 g of sections. 
Experiments were carried out in duplicate, and each incubation 
period represents a different day and a fresh batch of oat seed- 
lings. 

Immediately after incubation and washing in cold water, 
sections were homogenized (Omni-mixer) with cold ethanol (4 
ml per g), 10 ml of 80% ethanol were added, the whole centri- 
fuged, and the cell walls extracted three times with 10 ml of 
80% ethanol. The extracts were filtered through Pyrex 15C sin- 
tered glass funnels and made up to 50 ml. Aliquots were plated 
on glass planchets and radioactivity was determined. Duplicate 
ethanol extracts were then combined, concentrated under re- 
duced pressure to about 5 ml, taken up in water, and again 
concentrated. The residues were taken up in water and sub- 
jected to continuous extraction with diethyl ether for about 20 
hours. Ether extracts were chilled overnight, decanted, con- 
centrated over steam, and made to a known volume. The 
ether-extracted aqueous phases were also made to known volume. 
Aliquots were taken for determination of radioactivity. 

Pectin was extracted from the cell wall with water (10 ml per 
g fresh weight) by heating the cell wall for 1 hour in a boiling 
water bath followed by twice repeated extraction with 15 ml of 
hot water for }-hour periods. The residue was separated by 
centrifugation. Residual pectin was then extracted in a similar 
manner with 0.05 n HCl. Extracts were combined, filtered 
through coarse sintered glass funnels, and made to 50 ml being 
designated pectin and residual pectin, respectively. Saponifica- 
tion was carried out with 6 n NH,OH, 1-hour saponification at 
80° being determined to be sufficient. Aliquots were plated on 
glass planchets and radioactivity was determined by means of a 
scaler attached to a printing timer and an automatic sample 
changer equipped with a Micromil window detector (Nuclear- 
Chicago Corporation models 181, C111, C110, and D-47, respec- 
tively). For comparative purposes, radioactivities were con- 
verted to umoles by utilizing the specific activity of the substrate 
at the 20% counting efficiency of the above instrument. 

The second set of experiments, involving incubation periods 
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of 15, 30, 60, 120, and 240 minutes, was carried out by thoroughly 
mixing 13 g of sections and then placing 1-g (2 g for the 15-min- 
ute incubations) samples in stainless steel baskets. These were 
equally divided and placed into two jars, each containing 8.58 
pmoles of formaldehyde-C™ (and 2.86 uwmoles of indoleacetate in 
one of the jars) in 100 ml of water. Immediately after incuba- 
tion, samples were dropped into boiling 80% ethanol (10 ml per 
g) held at boiling for 5 minutes, adjusted to volume with 95% 
ethanol, chilled, and then homogenized. Extraction with 80% 
ethanol and of pectin and residual pectin were carried out as 
described above. Remaining cell wall components were sepa- 
rated as outlined by earlier investigators (1): hot 0.04 m ammo- 
nium oxalate for pectates; cold 1 n KOH for polyuronide hemicel- 
luloses; cold 4.5 n KOH for noncellulosic polysaccharides; and 
the final insoluble residue, a-cellulose. Potassium from the 4.5 
N KOH extract was removed with perchloric acid. The car- 
bazole method for anhydrouronic acid was used on each extract, 
on the assumption that this determination is a measure of anhy- 
drogalacturonic acid residues (7). 

After the 80% ethanol extract had been concentrated under 
reduced pressure and adjusted to pH 8.5 and 9.0 with 0.1 Nn 
KOH, yielding about 25 ml of solution, it was extracted 3 to 5 
times with 50 ml of diethyl ether. The extract was chilled 
overnight, decanted, concentrated over steam, and made to a 
known volume. This is designated the lipid fraction. Aliquots 
were taken for determinations of radioactivity and of dry weight. 

The ether-extracted solution was adjusted to pH 1.0 with 
dilute HCl and extracted 3 to 5 times with 50 ml of ether. The 
extract was chilled, decanted, and then shaken with 1 n NH,OH. 
This aqueous extract was made to a known volume with water 
and labeled the acid fraction. The acid-depleted aqueous phase 
was placed in a vacuum desiccator to remove excess ether and 
water, and was then passed through a 5 X 150 mm column 
containing 1 ml of Dowex AG 50-X8 (200 to 400 mesh, H+ 
form). After the column had been washed with 3 ml of water, 
the basic nitrogenous compounds were eluted with 5 ml of 2 
nN NH,OH. For nitrogen determination on the ammonium hy- 


TABLE I 
Incorporation of formaldehyde-C"4 into pectin, residual pectin, and 
into 80% ethanol-soluble substances and their distribution 
between ether and aqueous phases* 
Amount of formaldehyde-C" taken up by sections: 0.391 umole 
from the original 1.34 umoles, and 1.11 wmoles from 1.39 ymoles 
within 30 and 240 minutes, respectively. 





























; : Initial 80% 
- h of : Residual ° Eth A 
Eersi,| Lesehst | occa | Mexiteet |Metiaeot| Hoke | Agno 
min 
1 15 9.32 2.32 21.3 8.62 34.5 
2 15 11.8 3.49 22.1 
3 30 21.6 12.9 60.7 9.63 111 
4 30 23.0 15.0 67.2 
5 240 148 204 271 93.3 434 
6 240 168 207 282 
* Data obtained from first set of experiments. Values ex- 


pressed as mumoles of C". 

+t Averages based on 2.0 g of sections. 
were carried out with 4.0 g of sections. 

¢ Represents combined 80% ethanol extracts of the duplicates; 
equivalent to 4.0 g of sections. 
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droxide eluate, a 2.0-ml aliquot to which had been added 0.2 
ml of 1 n NaOH was placed in a 12-ml centrifuge tube in an 80° 
water bath. After air had bubbled for 2 hours through the 
sample, it was concentrated to 0.2 to 0.5 ml. The ammonia- 
free sample was then prepared for nesslerization by Kjeldahl 
digestion with 0.4 ml of sulfuric acid and decolorization with 
30% hydrogen peroxide. Bock and Benedict’s method was used 
for the colorimetric nitrogen determination (8). When the 
above procedure for nitrogen determination was carried out with 
samples containing 4.0 meq of NH,OH, less than 2 ug of nitrogen 
was detectable. 

After elution with 2 n NH,OH, the column was washed again 
with 3 ml of water and choline, then eluted with 5 ml of 1 n 
KOH. Carrier amounts of choline were added and excess potas- 
sium ion was removed with perchloric acid. Choline was puri- 
fied by isolation as the reineckate. For determination of radio- 
activity, choline reineckate was dissolved in methanol and 
plated on glass planchets. No radioactivity was detected in 
any such choline sample. 

Phosphorylcholine was isolated from the 80% ethanol extract 
of 200 g of oat sections. After removal of ethanol, followed by 
diethyl ether extraction, the aqueous phase was passed through 
a 2.2 X 24 cm column containing Dowex AG 50-X8 (200 to 400 
mesh, H+ form). After washing the column with 1 to 2 bed- 
volumes of water, phosphorylcholine was eluted with 3 to 4 
bed-volumes of water. The eluate was concentrated and passed 
through Dowex AG 1-X8, 200 to 400 mesh, formate form. The 
filtrate and 2 bed-volumes of water washings were concentrated, 
streaked on Whatman 3MM paper, and successively developed 
in water-saturated phenol (Rr 0.9; eluate decolorized by passing 
it through Dowex AG 1); N-butanol-acetic acid-water, 60:15:25 
(Rr 0.2); and ethanol-water, 8:1 (Rp 0.1). After elution from 
the last chromatogram, phosphorylcholine was passed through 
a Dowex AG 50 column once again and then isolated as the 
ammonium salt. The modified method of Allen (9) was used 
for phosphorus determination, and Bock and Benedict’s method 
for nitrogen on the free acid (8). 


RESULTS 


Oat coleoptile tissue incorporates formaldehyde most rapidly 
into substances soluble in 80% ethanol, as is shown in Table I. 
Of the 80% ethanol extract, 80 to 95% of the formaldehyde car- 
bon is found in water-soluble, but not ether-extractable com- 
pounds. Substantial activity also appears in the cell wall frac- 
tion. It is of interest to note that formaldehyde incorporation 
into pectin increases with time. Incorporation into residual 
pectin is slower than that into pectin for the first 30 minutes. 
Within 4 hours, however, formaldehyde incorporation into resid- 
ual pectin exceeds that into pectin. Residual pectin loses less 
radioactivity than pectin upon saponification. Purified pectin 
lost 87% of its radioactivity when hydrolyzed at room tempera- 
ture with 0.1 3 NaOH, or when subjected to purified pectinester- 
ase. Such pectin was purified by dissolving it in a minimal 
amount of water, centrifuging, and then making the supernatant 
solution 80% in ethanol. Pectin was allowed to precipitate in 
the cold for a few days. Three ethanol precipitations yielded 
highly purified pectin in good yield. 

The data of Fig. 1 show that formaldehyde is incorporated 
into pectin at a rate which is constant with respect to time. It 
is apparent also that in the presence of indoleacetate, formalde- 
hyde is incorporated more rapidly, both into pectin (Fig. 1) and 
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into residual pectin (Fig. 2), than in the absence of indoleacetate. 
This is true in terms of both total and saponifiable radioactiv- 
ities. Furthermore, the hormonal effect of increasing rate of 
incorporation of formaldehyde carbon into pectin is apparent 
even at the shortest time intervals. 

Within experimental error, indoleacetate had no significant 
effect upon the biosynthesis of lipids, of pectates, or of the so- 
called polyuronide hemicelluloses (Fig. 3), noncellulosic polysac- 
charides, or a-cellulose (Table II). Formaldehyde incorporation 
into organic acids (Fig. 4) was slightly increased by the presence 
of indoleacetate after the first hour of incubation. Although 
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Fic. 1. Pectin isolated from sections treated with indole-3- 
acetic acid (A, A), and pectin from nontreated sections ( @, O). 
Specific activities of pectin before saponification are represented 
by solid symbols; specific activities of the volatile C'* product 
(methanol-C!‘) of saponification are represented by open symbols. 
These were obtained from the second set of experiments. 
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Fic. 2. Specific activities of residual pectin. Symbols: see leg- 
end, Fig. 1. Data obtained from second set of experiments. 
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Fic. 3. Specific activities of pectates (@, O), of polyuronide 
hemicelluloses (A, A), and of lipid (@@, 0). Sections treated 
with indole-3-acetic acid are represented by solid symbols; the 
nontreated, by open symbols. 








TABLE II 
Incorporation of C'-formaldehyde into residual wall constituents* 
ee ee 4.5 n KOH extract 7 
fe en or a Indoleacetate a... Residue (a-cellulose) 
min myumoles/g sections myumole/g sections 
15 -_ 
15 + 0.062 0.004 
30 - 0.31 0.011 
30 + 0.35 0.009 
60 - 0.49 0.020 
60 + 0.53 0.020 
120 _- 0.62 0.022 
120 + 0.46 0.038 
240 - A 0.099 
240 + 1.2 0.095 

















* Data obtained from second set of experiments. 


indoleacetate exerted no effect on incorporation into polyuronide 
hemicelluloses, there is a large incorporation of formaldehyde 
carbon into this fraction, presumably into galacturonic acid 
residues. Similar incorporation has been found with glucose (1) 
and galactose (10). 

The 80% ethanol extract was concentrated and lipids and 
organic acids removed by ether extraction. The bulk of the 
radioactivity of this fraction was retained by Dowex 50 resin 
and is therefore contained in basic material. Subsequent elu- 
tion and determination of radioactivity indicated that, in con- 
trast to the effects on pectin and residual pectin, the presence 
of indoleacetate suppresses incorporation of formaldehyde car- 
bon into such basic and presumable nitrogenous compounds. 
The data of Fig. 5 show that both total mumoles of formaldehyde 
incorporated per g sections and the mumoles of formaldehyde 
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Fia. 4. Specific activities of organic acids isolated from sections 
treated with indole-3-acetic acid (A), and those without treat- 
ment (A). 
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Fig. 5. Incorporation of formaldehyde-C™ into 80% ethanol 
soluble nitrogenous compounds isolated from sections treated 
with indole-3-acetic acid (A, A) and those from nontreated sec- 
tions (@, ©). Solid symbols represent specific activities; open 
symbols, total formaldehyde-C™ incorporated into nitrogenous 
compounds per g fresh sections. 


incorporated per umole of nitrogen are greater for non-indole- 
acetate-treated than for treated samples. 


DISCUSSION 


Although hormonal action of plant growth substances is easy 
to demonstrate physiologically, the biochemical mechanism in- 
volved has been elusive. Went (11) demonstrated that the 
plant hormone indole-3-acetic acid caused growth of oat cole- 
optile by cell elongation. That such growth is associated bio- 
chemically with pectin synthesis was first demonstrated by Ordin 
et al. (1, 10) through methylation studies and also by glucose 
incorporation. It is known that indoleacetate causes an increase 
in the plasticity of the cell walls of oat coleoptiles (12, 13). The 
presence of calcium greatly decreases such plasticity. The latter 
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effect is essentially nonmetabolic and reversible by potassium 
(14, 15). 

Since the effect of indoleacetate upon the growth rate of oat 
coleoptile is constant with time (5), it seems probable that some, 
at least, of the biochemical alterations which result in increased 
growth rate in this system should also proceed at a rate which 
is constant with time. This is true of methylation of pectin. 
In addition, the linearity of the pectin curves (Fig. 1) suggests 
rapid equilibration of the methyl pool with respect to the ex- 
ternal solution. That glucose incorporation into pectin (hot 
water soluble) also involves rapid equilibration, has been indi- 
cated by Albersheim and Bonner (16). It has been suggested 
that glucose incorporation into pectic materials is due to net 
synthesis rather than to turnover. In the formation of pectin 
then, both methyl and galacturonic acid moieties equilibrate 
rapidly with the external solution. Methyl galacturonate may 
in fact be the participant in pectin synthesis. Since pectin syn- 
thesis is linear with time, a greater cofactor availability should 
increase its rate. This is what happens when indoleacetate is 
administered, as is shown by Fig. 1. If indoleacetate is a true 
cofactor for the enzyme which is concerned with pectin synthesis, 
then it should also follow that the optimal concentration of 
indoleacetate should always cause the same increase in rate of 
pectin synthesis whether the substrate is formaldehyde (Fig.1), 
glucose (16), or methionine (15). In addition, since pectin syn- 
thesis causes a heavy drain on the methyl pool, this should be 
reflected in a decreased incorporation of the formaldehyde carbon 
into substances which compete against the methyl donor of 
pectin. That this is true is indicated by Fig. 5. The total 
formaldehyde incorporation into nitrogenous compounds as well 
as the specific activities of these compounds are depressed by 
indoleacetate treatment. Furthermore, the constant rate of 
drain of methyl] groups is also indicated by the constant difference 
in the specific activities. 

Although formaldehyde and methionine are excellent 1-carbon 
sources for pectin synthesis, the nature of the immediate methyl 
donor in plants is not known. Methionine is a better methyl 
donor than any of its derivatives (3); nevertheless, participation 
of S-adenosylmethionine could not be demonstrated. On the 
other hand, when methionine-C“H; is administered to oat sec- 
tions, phosphorylcholine is found to be radioactive. Could such 
a fully methylated nitrogenous compound be the immediate 
methyl donor to pectin? If phosphorylcholine is found to be 
much more radioactive than the methyl group for pectin, then 
it could be such a methyl donor. If the methyl of pectin is more 
radioactive than those of phosphorylcholine, then the latter 
would not appear to be the methyl donor for pectin. 

t-Methionine-C“H; was administered to oat sections for 4 
hours in the presence of indoleacetate. Both pectin and phos- 
phorylcholine were then isolated. On the basis of mumoles of 
C-methyl incorporated per wmole of anhydrogalacturonic acid 
of pectin, and mumoles of C“-methyl incorporated per umole of 
phosphorylcholine, their specific activities were 10.2 and 22.4, 
respectively. Fresh oat tissue, 200 g, contains, however, 660 
umoles of anhydrogalacturonic acid of pectin and only 25.4 
umoles of phosphorylcholine. Although the specific activity of 
phosphorylcholine is twice as high as that of pectin, there is 
25 times as much pectin as phosphorylcholine. Therefore, in 
order for phosphorylcholine to be the methyl donor, it ought to 
be at least 25 times more radioactive than the methyl of pectin. 
Thus, phosphorylcholine does not appear to be the immediate 
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methyl donor to pectin. When C-labeled formaldehyde is ad- 
ministered to oat tissue, serine becomes highly radioactive. 
Nevertheless, serine is not as active a precursor of methyl groups 
as formaldehyde (4). 

When the indoleacetate-dependent enzyme concerned with 
pectin synthesis is activated, there is a heavy demand upon the 
small methyl pool. Thus, methyl group synthesis becomes oblig- 
atory. Although methylation reactions in plants have not 
been elucidated, it is reasonable to assume that synthesis and 
transfer of methy] are energy-requiring reactions utilizing ATP, 
and that SH enzymes are involved (17-19). If this is the case, 
any inhibitor which affects the synthesis of methyl and its subse- 
quent transfer should affect growth (10, 20). Hence, the close 
relationship of indoleacetate to respiration, pectin synthesis and 
growth. 


SUMMARY 


1. Oat sections incorporate formaldehyde-C™ into the methyl 
ester of pectin. The rate of incorporation into residual pectin 
is initially slow, but the final amount of incorporation into this 
material ultimately exceeds that into pectin. 

2. Indole-3-acetic acid promotes incorporation of formalde- 
hyde-C"™ into pectin and into residual pectin. The effect of such 
incorporation into pectin is immediate, but that upon incorpora- 
tion into residual pectin exhibits a lag of about an hour. 

3. Indole-3-acetic acid has some effect upon formaldehyde-C™ 
incorporation into acids, but has no effect upon incorporation 
into lipids or into the remaining cell wall fractions. 

4. Formaldehyde-C™ is incorporated most rapidly into 80% 
ethanol-soluble compounds. The bulk, 80 to 95%, of the C™%- 
labeled compounds are water-soluble, nitrogen-containing and 
not extractable by ether. 

5. Indole-3-acetic acid depresses incorporation of formalde- 
hyde-C™ into nitrogenous compounds. 


C. S. Sato 
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Morgulis and Spencer (1) reported that the urinary excretion 
of creatine was increased in vitamin E-deficient rabbits and that 
there was no decrease in the urinary creatinine excretion. Goet- 
tsch and Brown (2) found that the muscle content of creatine 
was decreased in vitamin E-deficient rabbits which indicated 
the creatinuria was at least in part the result of a nonretention 
or nonutilization of creatine by the muscle. However, Heinrich 
and Mattill (3) observed an increased amount of creatine in 
livers from vitamin E-deficient rabbits and therefore suggested 
that the rate of synthesis of creatine may have been increased. 
These authors indicated that a satisfactory solution to the prob- 
lem required a complete balance sheet of liver, muscle, blood, 
and urinary creatine. They also stated that such studies would 
be greatly facilitated by less circumstantial and more precise 
methods of determining creatine in tissues as complex as liver, 
and in the blood. Additional evidence was obtained by Dinning 
and Fitch (4, 5) who investigated the incorporation of labeled 
creatine precursors into the creatine of normal and vitamin E- 
deficient rabbits. They concluded that the rate of creatine syn- 
thesis was, in fact, increased as the result of the dietary defi- 
ciency. 

It seemed that an increased rate of synthesis of creatine should 
be confirmed by measuring the creatine and creatinine content 
of the carcass and of the urine from animals that had received 
normal and vitamin E-deficient diets. It was found that the 
vitamin E-deficient rabbits excreted an increased amount of 
creatine and a decreased amount of creatinine in their urine, 
and also had a decreased amount of creatine in their carcass. 
In fact, the total carcass and urine creatinine and creatine of the 
deficient animals was slightly less than the total for the control 
animals. The transamidinase (the first step in creatine synthe- 
sis) activities of the kidneys and pancreas from the animals was 
measured in vitro. Kidneys from the rabbits that had been fed 
the deficient diet had, in vitro, only 40% of the activity found in 
kidneys from rabbits that received dietary supplements of vita- 
min E, whereas pancreatic transamidinase activities were not 
changed. These data are interpreted to indicate that creatine 
synthesis was not increased in the vitamin E-deficient rabbits. 


* These studies were supported in part by the following grants 
to the University of Minnesota: Grant No. A-2731 from the Na- 
tional Institute of Arthritis and Metabolic Diseases, National 
Institutes of Health, United States Public Health Service, United 
States Department of Health, Education, and Welfare Training 
Grant No. 2G-157 from the National Institutes of Health, Public 
Health Service; and a grant from the National Science Founda- 
tion for research on guanidinium compound metabolism. 


METHODS 


Twelve male albino rabbits, weighing approximately 1 kg were 
divided into two groups of six. The vitamin E-deficient rabbits 
were housed individually and the controls three to a metabolism 
cage. All animals received the tocopherol-deficient diet! of 
Mason and Harris (6) ad libitum and the controls were given 
a-tocopherol! in cod liver oil three times weekly in doses that 
amounted to 4 mg per kg per day. The 48-hour urines were 
collected under toluene, and diluted to a volume of 1000 ml per 
rabbit. To 2 ml of the urine was added 1 ml of 10% sodium 
tungstate, 1 ml of 3 N H.SO, and 8 ml of H.O. The protein-free 
filtrate was adjusted to pH 5 to 7 and analyzed for creatine and 
creatinine (7). 

At the termination of the 50-day feeding experiment the rab- 
bits were anesthetized with Nembutal and killed by exsanguina- 
tion. One kidney and the pancreas were removed for enzyme 
analysis, the skin was removed and discarded, and the remainder 
of the animal was placed in 4-liter beakers and frozen. The 
frozen carcasses were chopped into pieces about 4 inch square 
with a meat cleaver, ground in a Toledo chopper, Model #5120, 
and blended with water in a gallon-size Waring Blendor to make 
a final volume of 4 liters. To 10 ml of the homogenate (measured 
with a graduated cylinder) was added 170 ml of H.O, 10 ml of 
2 N H.SO,, and 10 ml of 10% sodium tungstate. The protein- 
free filtrate was adjusted to pH 5 to 7 and analyzed for creatine 
and creatinine (7). Aliquots of the homogenates were hydro- 
lyzed by heating with 25% H.SO, and the hydrolysates were 
analyzed for nitrogen by the micro-Kjeldahl method (8). 

A 15% kidney homogenate in M/15 phosphate buffer, pH 7.4, 
was made with a Waring Blendor, and a 10% pancreas homoge- 
nate in M/15 phosphate buffer, pH 7.4, was made with a Potter- 
Elvehjem homogenizer. The homogenates were assayed for 
transamidinase activity? (9). 


RESULTS 


The results of the carcass and urine creatine and creatinine 
determinations are shown in Table I. The carcass creatine of 
the vitamin E-deficient rabbits was 36% lower than in the con- 


trol animals. The average carcass creatine, expressed as milli- 

1 Purchased from Nutritional Biochemicals 
Cleveland 28, Ohio. 

2 The transamidinase method was modified as follows: The 
volumes of the arginine and glycine substrate mixture and of the 
arginase were increased 2-fold. The transamidinase incubation 
period was one hour. 
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TABLE I 


Urine and carcass creatine* and creatinine of normal and vitamin 
E-deficient rabbits 




















Urinet — — 
Animal Corcane.t case crea- 
Creatine | Creatinine soils 
Control 
1 135 1680 1930 3745 
2 135 1680 2260 4075 
3 135 1680 2200 4015 
4 145 1540 2160 3845 
5 145 1540 1850 3535 
6 145 1540 2670 4355 
Average 140 1610 2180 3920 
Vitamin E deficient 
1 1340 1300 1410 4050 
2 940 1580 1400 3920 
3 1320 1480 1190 3990 
4 1120 1310 1450 3880 
5 560 1560 1400 3520 
6 640 1000 1280 2920 
Average 990 1370 1360 3720 

















* All values are expressed as creatinine. 

+ Expressed as milligrams of creatinine per kilogram of carcass 
weight after 50 days. 

t Expressed as milligrams of creatinine per kilogram of carcass 
weight. The creatinine content of the carcass was not measurable 
because of the large amount of creatine. 


TaBLe II 


Kidney and pancreas transamidinase activity* in vitro of normal 
and vitamin E-deficient rabbits 




















Kidney Pancreas 
Animal 
¢ | Per mg of ¢ | Per mg of 
‘Kidney | Kidney | Jancreas | PancTeas 

Control 

1 830 37 400 44 

2 930 47 900 53 

3 400 22 400 29 

4 400 21 1200 61 

5 770 44 1000 64 

6 570 28 510 32 
Average 650 33 735 47 
Vitamin E deficient 

1 200 12 300 23 

2 70 3 1100 73 

3 300 17 1000 60 

4 200 ll 1100 54 

5 230 19 810 39 

6 270 15 710 42 
Average 210 13 840 49 

















* Expressed as micrograms of guanidinoacetic acid formed per 
hour under the conditions described in ‘‘Methods.”’ 


J. F. Van Pilsum and Robert E. Wahman 
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gams per gram of carcass nitrogen, was 82 and 57 for the con- 
trols and deficient animals, respectively—a 30% decrease. The 
sum of average carcass and urine creatine was 2320 and 2350 
mg per kg for the control group and the deficient group, respec- 
tively. The creatinine excretion of the deficient animals was 
decreased slightly. 

The results of the enzyme assays are shown in Table II. The 
dietary deficiency did not alter the pancreatic activity, but 
kidneys from the vitamin E-deficient rabbits had only 40% of 
the activity found in kidneys from the control animals. 


DISCUSSION 


The sums of the total carcass and urine creatine and creatinine 
were essentially the same in both groups of animals, which sug- 
gested that an increased rate of synthesis had not occurred in 
the vitamin E-deficient animals. If there was an increased 
amount of creatine synthesized in the deficient animals and if 
this extra creatine was in some way converted to compounds 
other than creatine phosphate or creatinine, a balance study of 
this type would not detect any change in the rate of synthesis. 
It seems unlikely that there would be both an increased synthe- 
sis and an increased destruction of creatine, creatine phosphate, 
or creatinine in a vitamin E-deficient animal. In fact, whether 
or not the creatine compounds are metabolized or destroyed at 
all can only be conjecture. 

These conclusions are at variance with those published by 
Dinning and Fitch (5) who investigated the incorporation of 
radioactive isotopes into creatine and reasoned that the rates of 
both the turnover and synthesis were increased. These authors 
used to calculate the turnover rate the following formulas: the 
specific activity of muscle creatine multiplied by the concentra- 
tion of muscle creatine, then divided by the specific activity of 
liver creatine, was the turnover rate of muscle creatine; the 
specific activity of liver creatine divided by the specific activity 
of kidney guanidinoacetic acid was the turnover rate of liver 
creatine. 

The rates of the transport of guanidinoacetic acid from the 
kidney to the liver and of creatine from the liver to the muscle 
are not known and would seem to be important in any calculation 
of turnover or synthesis rate. The “interorgan transport” of 
these two compounds may be a rate-determining step in their 
metabolism, and was not considered in their calculations. 


SUMMARY 


1. Twelve rabbits were divided into two groups of six and 
placed on a vitamin E-deficient diet for 50 days. The control 
group received a-tocopherol in cod liver oil three times a week. 
The urines were collected over the 50-day period and analyzed 
for creatine and creatinine. At the end of the experimental 
period the animals were killed and their carcasses analyzed for 
creatine and creatinine. Transamidinase activity was measured 
in the kidneys and pancreas. 

2. Rabbits deficient in vitamin E excreted increased amounts 
of creatine and decreased amounts of creatinine, and had de- 
creased amounts of creatine in their carcass. The sum of the 
creatine and creatinine in the urine and carcass was slightly less 
in the deficient animals than it was in the control animals. 

3. Kidneys from vitamin E-deficient rabbits had only 40% as 
much transamidinase activity in vitro as did kidneys from the 
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control animals. Pancreas transamidinase activity was the 4. Dinnina, J. 8., Arch. Biochem. Biophys., 60, 501 (1956). 

same in both groups. 5. Dinnina, J. 8., anp Frtcu, C. D., Proc. Soc. Exptl. Biol. Med., 

4. These data are interpreted to indicate that creatine synthe- 97, 109 (1958). 
sis was not increased in vitamin E-deficient rabbits. 6. mre K. E., ano Harris, P. L., Biol. Symposia, 12, 459 
REFERENCES 7. Van Pisum, J. F., Martin, R. P., Kito, E., anp Hess, J., 

1, Morauuis, 8., anp Spencer, H. C., J. Nutrition, 12, 191 (1936). J. Biol. Chem., 222, 235 (1956). ‘ ‘ 

2. Gorrrscu, M., AND Brown, E. F., J. Biol. Chem., 97, 549 8. Official methods of analysis, Association of Official Agricultura] 
(1932). Chemists, Washington, D. C., 1955. 

3. Hernricu, M. R., anv Marriuy, H. A., J. Biol. Chem., 178, 9. VAN Piusum, J. F., Berman, D. A., anv Wout, E. A., Proc, 
911 (1949). Soc. Exptl. Biol. Med., 95, 96 (1957). 
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The existence of a glutamic acid racemase activity in 
Lactobacillus arabinosus has been reported by Narrod and Wood 
(1) and by Ayengar and Roberts (2). As has been pointed out 
by Meister (3) these observations with dried cell preparations 
would not exclude a mechanism for glutamic acid racemization 
in which alanine racemase is coupled with p-glutamic acid-p- 
alanine transaminase and t-glutamic acid-t-alanine transamin- 
ase, aS has been shown to be the case for Bacillus subtilis (4). 
The purification of a single enzyme with glutamic acid racemase 
activity has not been previously reported. 

This paper presents a method of purifying glutamic acid 
racemase, and describes some of the properties of the enzyme. 


EXPERIMENTAL PROCEDURE 


Materials and Methods—Lactobacillus arabinosus (Lactobacillus 
plantarum ATCC 8014) was grown at 37° in a medium containing 
per liter: 4 g of Difco yeast extract, 10 g of Difco nutrient broth, 
10 g of sodium acetate, 0.2 g of MgSO,-7H,0, 0.01 g of NaCl, 
0.01 g of Fe2(SO,) -9H.O, 0.01 g of MnSO,-7H.0O, and 20 g of 
glucose. 

An inoculum from a stab was grown in 100 ml of this medium 
at 37° for 12 hours. Six milliliters of this culture were used to 
inoculate 3 liters of medium in a 6-liter Erlenmeyer flask, and 
the inoculum was grown for 12 hours at 37°. The cells were 
harvested by centrifugation and washed twice by centrifugation 
with 0.1 m Tris-0.001 m EDTA, pH 8. The cells were suspended 
in a minimal volume of 0.05 m Tris-0.001 m EDTA, pH 8, and 
lyophilized. The lyophilized powder can be kept frozen for 
several weeks without loss in activity. 

p-Glutamic acid, pu-glutamic acid, and t-glutamic acid were 
obtained from the California Corporation for Biochemical Re- 
search. pDL-Glutamic acid-2-C“ was obtained from the Volk 
Radiochemical Company.2 DPN was a product of the Sigma 
Chemical Company. Glutamic dehydrogenase was obtained as 
a crystal suspension under sodium sulfate from C. F. Boehringer 
and Sons. Before use the crystal suspension was centrifuged 
and the supernatant fluid discarded. The protein was dissolved 
in enough 0.1 m Tris-0.0005 m EDTA, pH 7.6, containing 2 mg 
of serum albumin per ml to give a concentration of 2 mg per 
ml of glutamic dehydrogenase. This solution was stable for at 
least 1 week at —10°. 

Alumina Cy was prepared by the method of Willstatter (5) 
and had 19 mg dry weight of solids per ml. 


* Supported by a grant, No. G-8849, from the National Science 
Foundation. 

+ Research Fellow of the Helen Hay Whitney Foundation. 

1 The abbreviation EDTA is ethylenediaminetetraacetic acid. 

2 Isotopes obtained on allocation from the Atomic Energy Com- 
mission. 


Protein was determined by the method of Warburg and 
Christian (6). 

Assay of Glutamic Acid Racemase—The assay is based on the 
formation of L-glutamic acid from p-glutamic acid. The L- 
glutamic acid is measured with glutamic dehydrogenase. Since 
the glutamic dehydrogenase assay requires an alkaline pH, 
whereas the racemase acts optimally at a neutral pH, the assay 
is run in two steps. 

The racemase reaction mixture contained 25 wmoles of potas- 
sium phosphate, 0.5 umole of EDTA, 12 umoles of p-glutamic 
acid, and enzyme in a final volume of 1.5 ml and pH 7.5. The 
reaction mixture was incubated for 1 hour at 37° and the reaction 
stopped by the addition of 0.1 ml of 3 N perchloric acid. De- 
natured protein was removed by centrifugation and the super- 
natant fluid neutralized with 3 N potassium hydroxide. The 
precipitate of potassium perchlorate was removed by centrif- 
ugation in the cold and an aliquot of the supernatant fluid con- 
taining 0.03 to 0.15 umole of L-glutamic acid was assayed with 
glutamic dehydrogenase. 

The glutamic dehydrogenase reaction mixtures contained: 
100 umoles of Tris, 10 pmoles of DPN, the solution to be ana- 
lyzed, and 0.03 ml of glutamic dehydrogenase solution in a total 
volume of 1.03 ml, pH 9.2. The reaction mixtures were incu- 
bated for 1 hour at room temperature, and the optical density 
at 340 my determined. Suitable blanks and standards were 
always included. 

Purification of Glutamic Acid Racemase—All operations were 
carried out at 3°. All precipitates were collected by centrifuga- 
tion at 12,000 x g for 15 minutes, except in the gel step where 
the gel was centrifuged at 2,000 x g for 15 minutes. Ammonium 
sulfate was saturated at 5° and neutralized with NH,OH so that 
a 1 to 5 dilution had a pH of 7.5 when measured with a Beckman 
model G pH meter set at 25°. 

Eight grams of dried L. arabinosus were suspended in 62 ml 
of 0.05 m Tris-0.001 m EDTA, pH 8.0, and disrupted by sonic 
oscillation for 1 hour in a 10 ke. Raytheon magnetostriction 
oscillator. Cell debris and intact cells were removed by centrif- 
ugation. 

The pooled supernatant fluids of two sonic extracts were 
precipitated by the addition of 3 volumes of saturated ammonium 
sulfate. After 20 minutes the precipitate was collected by 
centrifugation and dissolved in 70 ml of 0.05 M Tris-0.001 m 
EDTA, pH 8.0. The enzyme was dialyzed with stirring against 
three 1-liter changes of the same buffer for a total of 6 hours. 

To the dialyzed enzyme (ratio of absorbancies 280 my:260 
my = 0.5) was added enough freshly prepared 2% protamine 
sulfate to bring the ratio of absorbancies, 280:260, of the super- 
natant fluid to 1.0; about 20 ml usually sufficed. 
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TaBLe I 
Purification of glutamic acid racemase 
For details see text. 









































Volume | Protein fo oo ~~ 
mi | maim | ‘nial 
Ammonium sulfate precipitate | 90 | 14.9 0.19 255 
Protamine, ammonium sulfate | 108 8.3 0.26 233 
precipitate 
Alumina Cy eluate 69 1.3 2.6 230 
DEAE-cellulose eluates* 
Fraction 4 10 0.1 30 30 
Fraction 5 10 0.085 58 49 
Fraction 6 10 0.065 62 37 
Fraction 7 10 0.03 92 28 
* 187 units of enzyme were put on the column. 
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Fia. 1. u-Glutamic acid formation as a function of enzyme con- 
centration and of time of incubation. Standard assay conditions. 
Enzyme had a specific activity of 58 units per mg; 0.2 ml of enzyme 
was used in the experiments of Fig. 1B. 
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Fic. 2. Enzyme activity as a function of substrate concentra- 
tion. Standard assay conditions. Enzyme, 0.013 mg (specific 
activity 61 units per mg), was used. O——O, no hydroxylamine; 
@——@, 0.4umole per ml of hydroxylamine. S = p-glutamic acid 
concentration in ymoles per ml; V = umoles of t-glutamic acid 
formed per hour. 
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The supernatant fluid after protamine precipitation wag 
brought to 57% saturation (volume per volume) by slow addi- 
tion of saturated ammonium sulfate. After 15 minutes the 
precipitate was collected by centrifugation and dissolved in the 
minimal volume of 0.05 m Tris-0.001 m EDTA, pH 8.0, and 
dialyzed against three 1-liter changes of the same buffer for 6 
hours. 

The dialyzed solution was diluted to a protein concentration 
of 8 mg per ml with 0.05 m Tris-0.001 m EDTA, pH 8.0, and 
0.58 ml of alumina Cy was added per ml of solution. After 10 
minutes the gel was collected by centrifugation and the super- 
natant fluid discarded. The gel was washed with successive 
50-ml portions of 0.05 m potassium phosphate, pH 7.5, and 0.1 
M potassium phosphate, pH 7.5. The enzyme was eluted by 
extracting the gel with successive 50-ml and 20-ml portions of 
0.25 m potassium phosphate, pH 7.5. 

To the gel eluate was added 0.7 ml of 0.1 m pi-glutamic acid, 
pH 7.5, and the enzyme precipitated by addition of ammonium 
sulfate to 63% saturation. After 30 minutes the precipitate was 
collected by centrifugation, and dissolved in a minimal volume 
of 0.05 m potassium phosphate-0.001 m pi-glutamic acid-0.001 u 
EDTA, pH 7.5, and dialyzed against two 1-liter portions of the 
same buffer for 6 hours. 

The dialyzed enzyme was placed on a7 X 2.5 cm column of 
DEAE-cellulose (7) equilibrated with 0.05 m potassium phos- 
phate-0.001 m pt-glutamic acid-0.001 m EDTA, pH 7.5, and 
eluted with the same buffer. 

The results of this fractionation are shown in Table I. 

After the gel treatment glutamic acid racemase becomes un- 
stable except in the presence of substrate. It is also more 
stable in the presence of phosphate buffer as compared with Tris. 

The enzyme can be kept frozen at all stages in the purification 
for several weeks without loss of activity. 

Properties of Glutamic Acid Racemase—Proportionality of the 
assay to enzyme concentration is shown in Fig. 1A. Fig. 1B 
illustrates that the reaction rate is linear during the assay. 

The enzyme was routinely assayed at pH 7.5. At pH 8.5 
the activity is 70% of the activity at pH 7.5. At pH 6.5 the 
activity is 90% of the activity at pH 7.5. 

Fig. 2 illustrates the effect of substrate concentrations on 
enzyme activity. The Michaelis constant for p-glutamic acid 
calculated from these data is 3.6 < 10-* mole per liter. The 
data in Fig. 2 also illustrate the inhibition of the glutamic race- 
mase by hydroxylamine, which is competitive with the substrate. 

The Michaelis constant for t-glutamic acid could not be deter- 
mined directly, since, with the glutamic dehydrogenase assay 
used, this would have involved measurements of small differences 
over a large background. The rate of the reaction under iden- 
tical conditions with p- and L-glutamic acid is illustrated in Fig. 
3, the initial rates being approximately the same for both sub- 
strates. 

The equilibrium constant of the reaction was not determined. 
Incubation of the enzyme with pi-glutamic acid does not produce 
any change in the t-glutamic acid content of the reaction mix- 
ture; therefore, the equilibrium mixture is probably the racemase 
in agreement with the data obtained previously (1) with the 
dried cell preparation. 

The purified enzyme is free of measurable quantities of the 
following transaminases: glutamic-aspartic, glutamic-alanine, 
glutamic-valine, glutamic-phenylalanine. These were assayed 
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by incubating 1 unit of purified enzyme with 2.5 umoles of 
pL-glutamic acid and 7 ywmoles of the corresponding keto acid 
under the conditions of the standard assay. Aliquots were 
assayed for the presence of a-ketoglutaric acid with glutamic 
dehydrogenase. No a-ketoglutaric acid was found. a-Keto- 
isovaleric acid appeared to react in the glutamic dehydrogenase 
assay, but the rate of this reaction was so slow that a-keto- 
glutaric formation could easily be detected in its presence. 

Exchange Reactions—The purified enzyme does not catalyze 
an exchange between a-ketoglutaric acid and C*-pi-glutamic 
acid, an observation which tends to exclude the presence of 
transaminases in this preparation (8-10). 

The reaction mixtures contained 8 wmoles of pL-glutamic acid- 
2-C™ (16,000 c.p.m. per umole), 8 umoles of a-ketoglutaric acid, 
50 umoles of potassium phosphate buffer, and 0.07 mg of enzyme 
(specific activity 58 units per mg) in a final volume of 1.5 ml, 
pH 7.5. The reaction mixture was incubated at 37° for 1 hour 
and the reaction stopped by heating at 100° for 1 minute. 

The solution was placed on a 1 X 5 cm column of Dowex 50, 
12% cross-linked in the hydrogen form, and washed with water, 
to remove the a-ketoglutaric acid. No radioactivity was found 
in the a-ketoglutaric acid. 

It was of interest to determine whether the enzyme would 
catalyze the exchange of hydrogen from water into glutamic acid. 

When pt-glutamic acid was incubated with the enzyme in 
the presence of tritium-containing water, the glutamic acid was 
found to be labeled. The results are summarized in Table II. 

The reaction mixtures, after heating at 100° for 1 minute were 
placed on a 1 X 5 cm column of Dowex 50, 12% cross-linked, in 
the hydrogen form and the column washed with 35 ml of water. 
The glutamic acid was then eluted with 25 ml of 1 n HCl. The 
eluate was evaporated to dryness at reduced pressure. The 
residue was dissolved in 20 ml of water and reevaporated, two 
more times. Finally, the residue was dissolved in a minimal 
volume of water. : 

The glutamic acid content of this solution was determined 
with glutamic dehydrogenase. Approximately 1 wmole was 
plated on an area of 4.5 cm* and counted in a windowless propor- 
tional gas flow counter. The counting efficiency under these 
conditions for tritium is about 4 to 5% and in the experiments 
in Table II approximately 1 yatom of tritium has been incor- 
porated into glutamic acid. 

These exchange experiments were carried out with the same 
enzyme preparation which was shown not to catalyze the C'- 
glutamic acid-a-ketoglutaric acid exchange. 

The glutamic acid from Experiment IB was chromatographed 
on Whatman No. 1 paper with butanol-acetic acid-water (4:1:5) 
as the solvent (11). The glutamic acid was located by spraying 
guide strips with 0.4% ninhydrin in butanol saturated with 
water (11). The remainder of the glutamic acid was eluted 
from the paper with water, concentrated under reduced pressure, 
and counted. It contained 600 c.p.m. per umole of pL-glutamic 
acid. 

Coenzyme Requirements—Several attempts have been made to 
resolve the enzyme. The concentrated gel eluate was used for 
these experiments, since the final enzyme was too dilute and 
could not be precipitated with ammonium sulfate. 

Treatment of this enzyme with charcoal, or precipitation with 
ammonium sulfate in the presence of sodium cyanide or hy- 
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TIME IN MINUTES 
Fic. 3. Rate of glutamic racemase with p- and L-glutamic acid. 
The reaction mixtures contained 50 wmoles of potassium phos- 
phate, 1 umole of EDTA, and 0.12 mg of enzyme (specific activity 
34 units per mg) and O——O, 10 wmoles of p-glutamic acid, or 
@——@, 10 umoles of t-glutamic acid in a final volume of 2 ml, 
pH 7.5. Aliquots were removed at the times indicated and as- 
sayed for t-glutamic acid with glutamic dehydrogenase. A cor- 
rection was applied for the pL-glutamic acid contained in the en- 
zyme. 


TaBLeE II 
Tritium incorporation into glutamic acid 

The reaction mixtures contained: 50 umoles of potassium phos- 
phate, 10 umoles of pi-glutamic acid, and where indicated enzyme 
(specific activity 58 units per mg) and a-ketoglutaric acid in a 
final volume of 1.15 ml (Experiment I) or 1.2 ml (Experiment II), 
pH 7.5. All tubes contained 6.2 mc of HTO. The sample con- 
taining enzyme contained 1 more umole of glutamic acid, which 
was present in the enzyme solution. The reaction was stopped 
after 90 minutes incubation at 37° by heating to 100° for 1 minute. 











; Glutami . 

— Additions ry “cd . = 
umoles c.p.m./pmole 

IA | None 9.0 0 

B_ | Enzyme (0.07 mg) 9.7 570 
II A | a-Ketoglutaric acid (5 umoles) 9.7 1.5 

B | Enzyme (0.07 mg) 10.0 560 

C | a-Ketoglutaric acid (5 umoles) 10.0 550 

+ enzyme (0.07 mg) 











droxylamine, followed by dialysis had no effect on the enzymatic 
activity. 

Precipitation with acid ammonium sulfate or irradiation with 
a mercury lamp, produced large losses of activity, but the activity 
could not be restored by the addition of pyridoxal phosphate. 
It is possible that some apoenzyme is formed under these condi- 
tions but is very unstable. The unresolved enzyme at this 
stage of purification is only stable in the presence of substrate. 


DISCUSSION 


By analogy with the previously described alanine racemase 
(12, 13) and the nonenzymatic amino acid racemization catalyzed 
by pyridoxal phosphate (14), this reaction probably also involves 
pyridoxal phosphate as a coenzyme. The observed inhibition 
by hydroxylamine is consistent with this observation. 
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The tritium exchange data are compatible with a mechanism 
of racemization involving removal of the a-hydrogen of glutamic 
acid as a hydrogen ion (15). 

The preparation of a-deuteroglutamic acid with crude prep- 
arations of Lactobacillus arabinosus has been reported by Man- 
deles et al. (16, 17). Since these experiments were carried out 
with relatively crude preparations (1, 2) this exchange could also 
have resulted from the presence of transaminases in the enzyme 
preparation. Transaminase preparations have been shown to 
catalyze such an exchange, for example t-glutamic acid-L-aspar- 
tic acid transaminase (18, 19). 

The inability of the enzyme to catalyze an a-ketoglutaric- 
glutamic acid exchange and the fact that the tritium exchange 
is not influenced by the presence of a-ketoglutarate indicates 
that free a-ketoglutaric acid is not an intermediate in the reac- 
tion. 


SUMMARY 
A method for purifying glutamic acid racemase 300-fold from 
sonic extracts of Lactobacillus arabinosus is described. The en- 
zyme does not catalyze exchange of carbon chains between 
a-ketoglutaric and glutamic acids. It does catalyze exchange of 
tritium from water into glutamic acid. 
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In 1945, Krehl et al. (1) observed that tryptophan and nico- 
tinic acid were mutually interchangeable, within limits, in sup- 
porting the growth of rats. Since that time considerable evi- 
dence has accumulated which demonstrates the biosynthesis of 
niacin from tryptophan in the rat and other animals. Studies 
with Neurospora and mammals have demonstrated that the path- 
way from tryptophan goes through kynurenine, 3-hydroxyky- 
nurenine, 3-hydroxyanthranilic acid, an unstable intermediate, 
quinolinic acid, and hence to nicotinic acid (2). 

The role of quinolinic acid as an obligatory intermediate in the 
conversion of tryptophan to niacin in animals and Neurospora 
has been questioned by some workers (3, 4). Henderson and 
Hirsch (5) first identified quinolinic acid as a metabolite of tryp- 
tophan in the rat. Quinolinic acid injections caused a 3-fold 
increase in the excretion of N-methylnicotinamide (6), and quin- 
olinic acid will support the growth of rats on a niacin-free diet 
(7). One Neurospora mutant accumulates quinolinate and 
another mutant uses it, although somewhat less effectively than 
niacin (7). It has also been found that isotopically labeled quin- 
olinic acid leads to labeled N-methylnicotinamide in the rat (8) 
and finally, that quinolinic acid replaced nicotinic acid for growth 
by Xanthomonas pruni (9). ° 

In previous work with the chick embryo, Schweigert et al. (10) 
found that tryptophan injections stimulated niacin synthesis. 
Denton et al. (11) later confirmed this, but could find no con- 
version of 3-hydroxyanthranilic acid to nicotinic acid. Quag- 
liarello and Della Pietra (12) found little conversion of 3-hydroxy- 
anthranilic acid to niacin in vitro in homogenized chick embryo; 
however, their preparations failed to form nicotinic acid from 
quinolinic acid, although the latter was present in normal de- 
veloping embryos (13). Jackson et al. (14) injected tryptophan- 
3-C™ into chick embryos and isolated radioactive niacin, but 
their data did not permit the calculation of yield and dilution. 

The present study was made to establish the tryptophan-to- 
niacin pathway in the developing embryo and especially to an- 
swer the question of the role of quinolinic acid as an intermediate. 
It was demonstrated that radioactive isotopes from quinolinic 
acid-H®, 3-hydroxyanthranilic acid-H*, and tryptophan-7a-C"™ 
were incorporated into nicotinic and quinolinic acids. 


EXPERIMENTAL PROCEDURE 


Test Compounds—Tryptophan-7a-C™, synthesized by Hender- 
son et al. (15) from aniline-1-C™ and having a specific activity of 
153 we per mmole, was used. The tritium-labeled 3-hydroxy- 
anthranilic and quinolinic acids were prepared by the method of 


*This investigation was supported in part by a grant-in-aid 
(G-4547) from the National Science Foundation. 


Wilzbach (16). The specific activities were 717 and 670 ue per 
mmole, respectively. All compounds were free of radioactive 
impurities separable by paper chromatography in two or more 
solvents. 

Injection of Compounds—Tryptophan-7a-C™ was dissolved in 
0.9% saline and sterilized by autoclaving for 20 minutes at a 
pressure of 15 pounds. Quinolinic acid was dissolved in isotonic 
saline, the pH adjusted to 7.0, and sterilized by autoclaving. 
The quinolinic acid-H* was found by microbioassay to contain 
less than 0.005% of nicotinic acid. Autoclaving at pH 7.0 was 
shown to cause no decarboxylation to form niacin. 3-Hydroxy- 
anthranilic acid-H* was dissolved in 1 N HCl and sterilized by 
boiling, and the pH was adjusted under aseptic conditions to 
pH 7.0. 

The compounds in 0.2 to 0.3 ml of solution were aseptically 
injected on the 10th or 12th day of incubation through a small 
hole drilled in the shell just below the air sac. Immediately, 
the opening was sealed with paraffin and the egg was placed in 
the incubator until the termination of the experiment. 

Isolation of Compounds from Embryo—The first experiment 
covered the 12th to 18th days; the second study covered a period 
twice as long, the 10th to 22nd days. At the termination of 
each experiment the embryo or chick was weighed, sacrificed, 
and minced in a Waring Blendor, and then extracted twice with 
200 ml of 80% ethanol. The extract was taken to dryness under 
reduced pressure and the lipid material was extracted with 
Skellysolve B. The dried residue was hydrolyzed with 10 vol- 
umes of 1 n NaOH for 1 hour at 120° in the autoclave. The 
hydrolysate was neutralized with HCl and made to volume, and 
aliquots were removed for microbiological assay. Nicotinic acid 
was determined by the Lactobacillus arabinosus assay. Quino- 
linic acid was determined as nicotinic acid after decarboxylation 
for 2 hours with glacial acetic acid (5). 

To the remainder of the hydrolysate were added 100.0 mg of 
nicotinic acid and 100.0 mg of quinolinic acid as carrier. The 
solution was then taken to dryness under reduced pressure and 
the resulting residue was extracted with two 40-ml portions of 
hot absolute methanol. The residue after extraction gave a neg- 
ative cyanogen bromide test, indicating the absence of niacin 
(17). It also gave a negative ferrous sulfate test (18), showing 
that the quinolinic acid was completely extracted. The meth- 
anol extract was taken to dryness and the residue dissolved in 
10 ml of water. After adjustment to pH 2, the solution was 
passed through a Dowex 50W-X8 (200 to 400 mesh) column 
(10 X 100 mm) in the hydrogen phase. The quinolinic acid was 
not adsorbed and was found in the first few fractions. The 
niacin was then eluted with 0.3 n HCI. 
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The quinolinic acid was recovered by evaporation to dryness 
and was crystallized twice from 2 ml of 50% ethanol. Niacin 
fractions were pooled and taken to dryness, and the nicotinic 
acid was sublimed at 105° at 20 to 30 mm of Hg. 

Isotope Determination—The C* in the tryptophan experiments 
was determined as CO, with a vibrating reed electrometer after 
wet combustion (19). Tritium was also determined by gas 
counting, the procedure of Wilzbach (20) being used to prepare 
the samples. 


RESULTS AND DISCUSSION 


In Table I are shown the amount of tryptophan, quinolinic 
acid, and nicotinic acid present in the egg and in the full term 

















TaBLE I 
Concentration of metabolites in egg and full term chick embryo 
Metabolite mg per egg 12-day . Siero 
Tryptophan............. 122 73 
Nicotinic acid........... 0.036 0.15 0.70 
Quinolinic acid......... 0.010 0.070 
TaBLeE II 


Incorporation of C'* from tryptophan-7a-C'* into nicotinic and 
quinolinic acids 











Experiment I* Experiment IIt 
Nicotinic | Quinolinic | Nicotinic | Quinolinic 
acid acid acid acid 
C'* present (myc).......... 1.5 0.4 3.2 0.95 
C™ incorporated (% of 
MT IS. SPOS SE 0.21 0.05 0.25 0.07 
Specific activity before di- 
lution} (ue per mmole)...| 0.58 1.5 0.95 2.2 
Dilution of isotopef.......| 262 98 160 69 

















* Twelve- to 18-day embryos; 0.96 mg of pL-tryptophan; spe- 
cific activity, 153uc per mmole. 

t Ten- to 22-day embryos; 1.9 mg of pL-tryptophan; specific 
activity, 153 we per mmole. 

t Based on microbioassays. 


TaBLeE III 


Incorporation of H* from 3-hydroxyanthranilate-H? into nicotinic 
and quinolinic acids 























Experiment I* Experiment IIt 
Nicotinic | Quinolinic | Nicotinic | Quinolinic 
acid aci aci acid 
H? present (myc).......... 5.6 ¥.2 49.5 7.2 
H* incorporated (% of 
halla gee 0.21 0.05 0.88 0.13 
Specific activity before di- 
lutiont (uc per mmole)... 2.29 9.1 17.2 35.2 
Dilution of isotopeft....... 311 78 48.5 21 





* Twelve- to 18-day embryos; 0.56 mg of 3-hydroxyanthrani- 
late-H?; specific activity, 717 ue per mmole. 

t Ten- to 22-day embryos; 1.2 mg of 3-hydroxyanthranilate-H?; 
specific activity, 717 ue per mmole. 

¢ Based on microbioassays. 
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embryo. The amount of tryptophan decreased during incuba- 
tion, whereas there was an increase in the amount of quinolinic 
(7-fold) and nicotinic (20-fold) acids. These results are in agree- 
ment with those of Denton et al. (11). 

Tryptophan Experiments—In Table II are shown the results of 
experiments that demonstrate the incorporation of isotope from 
tryptophan-7a-C™ into niacin and quinolinic acid. The con- 
version to niacin was 0.21% in Experiment I and 0.25% in Ex- 
periment II. These values are lower than the 0.6% observed by 
Schweigert et al. (10) in their nonisotopic experiments with mas- 
sive injections of L-tryptophan. However, if the p isomer is not 
utilized for niacin synthesis the conversion of isotope from L- 
tryptophan to niacin in Experiment II becomes 0.50%. The 
dilution of isotope in the conversion of tryptophan to niacin 
(Table II) was 262 and 160, respectively, in the two experiments. 

If the major portion of the niacin synthesis occurs during the 
later, rapid stages of development of the embryo, the data in 
Table I can be used as a nonisotopic check on the isotope data 
for Experiment II (Table II). Approximately 0.005 mmole of 
niacin was synthesized during a full term incubation. During 
that time approximately 0.25 mmole of tryptophan disappeared. 
Thus, about 2% of the tryptophan which was lost during incu- 
bation appeared as niacin. However, for purposes of comparison 
with the isotope results, the conversion percentage must be based 
not on the tryptophan which disappeared but on the total tryp- 
tophan content. The conversion on this basis was 0.83%. 

The conversion of isotope in tryptophan to quinolinic acid was 
0.07% based on pt-tryptophan or 0.14% based on the L isomer. 
Because of its suggested intermediate role and the low level of 
this metabolite in embryonic tissue, this small percentage of 
isotope in quinolinic acid was expected. Relatively low dilution 
of isotope (98 and 69) suggests a more rapid turnover of quinoli- 
nate than nicotinate. 

3-Hydroxyanthranilic Acid Experiments—In Table III are 
summarized the results obtained by injecting labeled 3-hydroxy- 
anthranilic acid into developing embryos. The-conversion to 
niacin in the 6-day experiment was 0.21%, which was approxi- 
mately the same as that observed in the first experiment with 
isotopic tryptophan. In the 12-day experiment this conversion 
percentage was increased 4-fold. The 3-hydroxyanthranilic acid 
injected was presumably diluted with the 3-hydroxyanthranilic 
acid formed from tryptophan. A major part of the 3-hydroxy- 
anthranilic acid was probably oxidized to CO2, whereas a lesser 
amount was utilized for production of nicotinic acid or quinolinic 
acid (21, 22). In the second experiment a larger quantity of 
substrate was injected, but the greater percentage of conversion 
of the isotope to niacin probably resulted from the longer experi- 
mental period. Because of the proximity of 3-hydroxyanthra- 
nilic acid to nicotinic in the biosynthetic pathway and because 
of the lesser dilution with endogenous substrate, 3-hydroxyan- 
thranilic acid might be more efficiently converted to niacin than 
is tryptophan. However, the difference in the percentage of 
incorporation of isotope into nicotinic from the two substrates 
was not marked. This deviation from the predicted result may, 
in part, arise from exchange of the tritium from labile positions 
with the medium in the formation of niacin from 3-hydroxyan- 
thranilic acid-H*. 

3-Hydroxyanthranilic acid was also shown to be a precursor 
of quinolinic acid. The relatively small dilution of 21 when the 
percentage of incorporation was small, indicates that a major 
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TaBLe IV 
Incorporation of H* from quinolinic acid-H? into 
nicotinic and quinolinic acids 














Experiment I* Experiment IIt 
= —* —— ao 
H? present (myc).......... 21.5 148 210 454 
H? incorporated (% of 
Oe Benham haan = aa gels ote 0.56 3.8 4.6 10.0 
Specific activity before di- 
lutiont (ue per mmole)...| 9.3 175.3 54.7 367 
Dilution of isotope. ...... 72 3.8 12.3 1.8 














* Twelve- to 18-day embryos; 0.96 mg of quinolinic acid-H*; 
specific activity, 671 ue per mmole. 

t Ten- to 22-day embryos; 1.10 mg of quinolinic acid-H*; spe- 
cific activity, 671 we per mmole. 

t Based on microbioassays. 


portion of the substrate was metabolized further, but that ap- 
proximately 5% of the quinolinic acid present at the termination 
of the experiment came from the 3-hydroxyanthranilic acid in- 
jected. The lesser dilution of the isotope in going from hydroxy- 
anthranilate to quinolinate, as compared to the dilution from 
tryptophan to quinolinic acid (Table II), is approximately what 
would be expected when the size of the tryptophan pool is taken 
into consideration. 

Quinolinic Acid Experiments—The results of the studies in- 
volving quinolinic acid injection are shown in Table IV. Of the 
1.1 mg of quinolinate-H? injected on the 10th day in the second 
experiment, approximately 10% remained as quinolinic acid on 
the 22nd day. Microbioassay showed that approximately 210 
ug of quinolinic acid were present when the experiment was ter- 
minated. Thus, 100 ug of quinolinic from endogenous sources 
were present, accounting for the 1.8 dilution observed. It ap- 
pears that approximately 85% of the injected quinolinate-H* was 
metabolized, since it was not present as quinolinate or nicotinate 
in the full term embryo. 

The specific activities of the nicotinic acid present in the em- 
bryos from these experiments were much nearer those of the 
compound administered than was the case with the tryptophan or 
3-hydroxyanthranilate studies. This lesser dilution of isotope 
suggests a direct conversion of quinolinate to niacin and possibly 
a suppression of the formation of quinolinate from 3-hydroxy- 
anthranilate. 

In order to insure that the incorporation of isotope from quin- 
olinic acid into nicotinic acid did not result from chemical de- 
carboxylation, a control experiment was performed. Tritium- 
labeled quinolinic acid was added to an extract of an embryo, 
and when the nicotinic acid was isolated by the described pro- 
cedure it was found to be unlabeled. 

The results reported here are consistent with the known path- 
way of tryptophan to niacin for Neurospora and niacin-requiring 
mammals (2). The finding that tryptophan and 3-hydroxy- 
anthranilic acid are precursors of quinolinic acid is in agreement 
with the results in the rat (23, 24) and accounts for the presence 
of quinolinic acid in the normal embryo (13). 

The observations reported here are another indication that 
quinolinic acid is a true intermediate in niacin synthesis from 
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tryptophan. Since the embryo is free of complicating intestinal 
microflora, it indicates that the niacin is being formed from quin- 
olinic acid by the action of the enzymes of the embryo. 


SUMMARY 


Isotope from tritium-labeled quinolinic and 3-hydroxyanthra- 
nilic acids and from tryptophan-7a-C™ was incorporated into 
nicotinic and quinolinic acids in the developing chick embryo. 
In the two experiments, one of 6 days’ duration and the second 
lasting for 12 days, the isotope from tryptophan in the niacin 
isolated was diluted 262- and 160-fold, respectively, and for 
quinolinic acid 98- and 69-fold. When the injected material 
was 3-hydroxyanthranilic acid the dilutions of the isotope in the 
niacin isolated were 311- and 48.5-fold, and for quinolinic acid, 
78- and 21-fold. When isotopic quinolinic acid was injected, di- 
lutions of 72- and 12.3-fold were obtained for the niacin and 3.8- 
and 1.8-fold for quinolinic acid. 

The findings constitute evidence that the tryptophan-niacin 
relationship established in many other species also exists in the 
chick embryo. Since quinolinic acid can lead to niacin, it ap- 
pears to be involved as a true intermediate in the tryptophan- 
niacin sequence. 
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Animal tissues and many bacterial species possess the enzyme 
systems required for the synthesis of purines de novo (1, 2). In 
addition, certain bacteria are capable of adjusting the production 
of purines and other metabolites to the physiological needs of 
the cell by means of efficient mechanisms of feedback inhibition 
and of enzyme repression (3-5). Similar controls might be ex- 
pected to operate in mammalian systems, and there are indica- 
tions that this is indeed the case (6, 7). It seemed of interest, 
therefore, to examine the functioning of the purine pathway in 
cultured mammalian cells for evidence of control mechanisms. 
The results of these studies, which involved primarily strain L 
of mouse fibrocytes, indicate that the presence of adenine and 
guanine compounds in the growth medium prevents the endog- 
enous formation of purines and suggest that repression of an 
enzyme in the common path of adenine and guanine biosynthesis 
is responsible for this effect. 


EXPERIMENTAL PROCEDURE 


Materials and Methods 


Chemicals—Adenine-8-C™ (Volk Radio-Chemical Company), 
guanine-8-C'* (New England Nuclear Corporation), and gua- 
nosine-8-C'* (Schwarz Laboratories) were commercial prepara- 
tions. Glycine-1-C“ was kindly supplied by Dr. David Elwyn, 
and azaserine by Mr. Thayer French. Xanthosine-5’-P for 
utilization in the assay of xanthosine-5’-P-aminase was prepared 
by deamination of GMP (8). 

Mammalian Cells—Mouse fibrocyte strain L cells, clone 929, 
henceforth to be referred to as L cells, were employed in most 
of the work reported here. Ehrlich ascites cells were also uti- 
lized in some enzyme studies. 

Bacteria—Escherichia coli, Harvard strain, was used for demon- 
stration of the enzyme adenylosuccinase. Aerobacter aerogenes 
strain P14 is a guanine-requiring mutant of strain 1033. The 
cultures were maintained and cultivated as described previously 
(9). 

Cultivation of Mammalian Cells—L cells were grown on glass 
in a modified Eagle’s medium which contained 0.01 m NaHCO,, 
0.06 m NazHPO,, and, per ml, 100 units of penicillin, 100 ug of 
streptomycin, and 100 units of mycostatin. Stock culture me- 
dium contained 2% complete horse serum and 0.5% Bacto- 
peptone (Difco) (10, 11). (Chromatographic analysis of this 
peptone showed it to contain considerable amounts of purine 
compounds, hence for enzyme and incorporation studies peptone 
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was omitted and the horse serum level increased to 5%. Analy- 
sis and bio-assay placed an upper limit of about 1 wg per ml, a 
negligible factor, on the purine content of the serum.) Other 
supplements to the medium were as indicated in the section on 
results. The cells have a generation time of about 30 hours in 
this medium. 

Ehrlich ascites cells were cultivated as described by Eaton 
and Scala (12). 

Cell counts were made in a Petroff-Hauser counting chamber. 

L cells to be utilized for incorporation studies were inoculated 
to a concentration of 10° per ml into 120 ml of medium containing 
the labeled compound, in two 1-liter Roux bottles. The cells 
were allowed to grow to uniform confluency, removed from the 
glass with pancreatin, inoculated into 780 ml of the same medium 
contained in 13 Roux bottles, and again allowed to grow to 
confluency. Measurement of protein increase over this period 
by the Folin method (13) indicated the usual cell multiplication 
factor to be about seven generations. 

Ehrlich ascites cells were maintained in vitro in roller tubes as 
described by Eaton and Scala (12). 

Cell Extracts—L cells to be utilized for enzyme studies were 
allowed to reach confluent growth on the surface of 1-liter Roux 
bottles. The medium was then decanted, and the cells were 
removed by digestion with pancreatin. The cells were washed 
twice with Hanks’ balanced salt solution, resuspended in 0.015 mu 
potassium phosphate buffer, pH 7.4, and sonically treated for 3 
minutes in a cooled Raytheon 10-kce magnetostrictive oscillator. 
The extract was then centrifuged at 20,000 x g for 15 minutes 
at 4°, and stored at —15°. 

Ehrlich ascites cells were harvested and purified of red blood 
cells by the methods of Eaton and Scala (12), then sonically 
treated and centrifuged as described above for L cells. 

Analytical Procedures—For the analyses of various cellular 
components, L cells were first fractionated by treatment at 4° 
with trichloroacetic acid at a final concentration of 8%. The 
nucleic acids and other acid-insoluble materials were collected 
by centrifugation. When nucleic acid purines alone were to be 
determined, the cells were harvested, washed, and suspended in 
potassium phosphate buffer as described under “Cell Extracts,” 
then chilled quickly in an ice bath before addition of the tri- 
chloroacetic acid. The procedure of Piez and Eagle (14) was 
followed when the acid-soluble pools were also to be analyzed. 

The nucleic acid purines were hydrolyzed to free bases and 
isolated chromatographically as described previously (15). The 
solvent ratio isopropanol-HCl-water, 65:18.5:17, was employed 
for the chromatography; it was found to give a very sharp sep- 
aration of adenine and guanine. 
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After repeated ether extractions, the trichloroacetic acid-sol- 
uble pools were fractionated on a Dowex 50 column at pH 4. 
Amino acids are retained on the column at this pH, while the 
nucleotides run through. The amino acids were eluted from 
the column with 3 n NH,OH and analyzed for glycine by the 
methods of Mandelstam (16). Nucleotides usually were hydro- 
lyzed to free bases, which were isolated chromatographically as 
described above. This latter method, which is quite convenient 
and does not require excessively large samples of cells, risks the 
introduction of an error if free bases can accumulate in the pools. 
The acid soluble pool of L cells which had been grown for 2 
hours in the presence of adenine-8-C™ was therefore analyzed 
by paper electrophoresis (17). No free adenine was found on 
the paper, and the adenine nucleotides were highly labeled, indi- 
cating that the method of hydrolysis may safely be used for 
analysis of pool nucleotides. 

Media were analyzed for glycine or purine compounds in the 
same manner as the pools, after removal of horse serum by cold 
trichloroacetic acid precipitation. 

Aliquots of glycine and purine compounds eluted from chro- 
matograms were plated on aluminum planchets and counted in 
a proportional flow counter. Glycine concentrations were deter- 
mined by a modification of the method of Moore and Stein (16). 
Purine concentrations were measured spectrophotometrically. 

Enzyme Assays—Assays for the enzymes IMP-dehydrogenase 
(18), xanthosine-5’-P-aminase (19), adenylosuccinate synthetase 


TaBLeE [I 


Enzymes of purine biosynthesis in Ehrlich ascites, L, and 
bacterial cells 








Specific 
Enzyme Organism activity of 
extract 
Inosinicase Ehrlich ascites —* 
L 0.06 
Escherichia coli Harvard | 0.15 
strain 
IMP-dehydrogenase Ehrlich ascites 0.01 
L 0.003 
Aerobacter aerogenes 1033 0.04 
Xanthosine-5’-P-aminase | Ehrlich ascites 0.225 


L 0.178 
A. aerogenes 1033 

Adenylosuccinate syn- Ehrlich ascites 
thetase L 3 
E. coli B 3 
Adenylosuccinase Ehrlich ascites 0. 
L 0 
0 


E. coli Harvard strain 











* Not determined. 


TaBLeE II 


Effects of tumor age on the activity of IMP-dehydrogenase 
of Ehrlich ascites cells 








Tumor age Specific activity of extract 
6 days 0.01 
9 days 0.002 
6 days, followed by 2 days suspension in 0.002 
vitro 
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(20), adenylosuccinase (21), and inosinicase (22); and for the | atives. 
enzyme system which converts guanine to uric acid (23) were | adenine 


used as described in the literature. | 
| 
RESULTS 

Enzymes—The following enzymes involved in purine biosyn- 
thesis were found to be present in extracts of L cells: inosinicase, 
IMP-dehydrogenase, xanthosine-5’-P-aminase, adenylosuccinate | 
synthetase, and adenylosuccinase. IMP-dehydrogenase, xan- | 
thosine-5’-P-aminase, and adenylosuccinase were also observed | 
in Ehrlich ascites cells (Table I). Extracts of both L and 
Ehrlich ascites cells (from 6-day tumors) showed about #5 the 
activities per mg of protein of IMP-dehydrogenase and xantho- 
sine-5’-P-aminase that are normally found in extracts of wild. | 
type E. coli or A. aerogenes (18, 19). L cells contain about | 
one-third as much inosinicase activity per mg protein as E. colj 
Harvard strain. Adenylosuccinase activity in both cell types 
is comparable to that of the adenylosuccinase in the wild-type 
Harvard strain of EL. coli, and adenylosuccinate synthetase of L 
cells is about the same as that of FE. coli B (20). 

Cultivation of L cells in the presence of 25 ug of adenine per 
ml did not appreciably lower the levels of inosinicase, IMP- 
dehydrogenase, and adenylosuccinase. A substantial lowering 
of IMP-dehydrogenase in Ehrlich ascites cells was observed as 
tumor growth progressed beyond 6 days (Table IT). At 9 days, 
when the cells had multiplied 3- to 4-fold again and the animals 
were near death, very little activity remained. The same result | 
was observed when cells were removed at 6 days and placed in 
maintenance medium for 2 days. Low activity in the aging | 
tumor could be due simply to dilution, or to loss of the enzyme 
through diffusion into the medium or inactivation. 

The presence of GMP in a concentration equimolar to that 
of IMP in the assay mixture for IMP-dehydrogenase of E. coli 
has been shown to cause about 50% inhibition of enzyme activ- 
ity (17). No such effect was demonstrable for the IMP-dehy- 
drogenase of L cells at concentrations of GMP up to 10 times 
that of IMP. At equal concentrations of IMP and GMP no 
effect on activity of the IMP-dehydrogenase of Ehrlich ascites 
cells were observed. With a GMP to IMP ratio of 10:1, how- 
ever, a 40% inhibition of the ascites enzyme did occur. 

Glycine-1-C™ Incorporation—Glycine is an early building block 
in purine synthesis, combining with phosphoribosylamine to 
form 2-amino-N-ribosylacetamide-5’-P, a precursor of IMP. 
L cells can synthesize glycine, but will utilize the preformed 
compound if it is supplied (24). The effect of exogenous purines 
on glycine uptake into nucleic acid is therefore of interest as a 
measure of the cell’s preference for the manner of origin of its 
purines. 

The medium utilized in these experiments was found on analy- 
sis to contain about 200 wg per ml of glycine, which was supplied 
by the horse serum. For incorporation studies, a specific activ- 
ity of 2000 c.p.m. per wmole glycine was employed. The glycine 
content of the medium remained approximately constant 
throughout the course of an experiment, and none of the 
purine compounds added appreciably affected the growth rate. 
The specific activities of medium and pool glycine were always 
the same at the end of an experiment. 

Table III describes the results of several experiments involving 
glycine-1-C™ alone or in competition with various purine deriv- 


1 A. P. Levin and B. Magasanik, unpublished observations. 
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| atives. When only glycine-1-C' was added to the medium, the 
_ adenine of the pool and the adenine and guanine of the nucleic 
| acids had about the same relative molar activity as the glycine. 
| Thus it seems clear that pool glycine is a precursor of and is 
| utilized equally for biosynthesis of both adenine and guanine. 
| Adenine, when present in the medium at #5 the molar concen- 
tration of glycine, completely suppressed endogenous purine 
| synthesis as measured by incorporation of glycine-1-C™ into the 
| nucleotide pools and nucleic acids (Table III). It appears that 
_L cells not only preferentially utilize exogenous adenine as ade- 
nine but also convert it to guanine with no difficulty. AMP 
| was found to compete equally well for incorporation into either 
adenine or guanine, but a little less efficiently than adenine. 
| Possibly AMP enters the pools more slowly than adenine, and 
so permits some synthesis to continue. 

It may be seen (Table III) that guanosine also suppresses 
glycine-1-C™ incorporation, particularly incorporation into nu- 
cleic acid guanine, but not as effectively as adenine. These 
data, however, do not represent a true measure of the effective- 
'ness of guanine compounds as suppressors of endogenous purine 
synthesis. When guanosine at a final concentration of 52 wg per 
ml was supplied to a half-grown culture of L cells, roughly half 
of it disappeared from the medium within 24 hours. This was 
determined by chromatographic analysis of the medium before 
and after the 24-hour period. Even with a doubling of the cell 
mass during this time, the culture could at most have utilized 2 
ug per ml for nucleic acid synthesis. It thus became apparent 
that these cells possess an efficient mechanism of guanosine 
degradation. The observation was then made that intact L 
cells, washed and suspended in 0.015 m potassium phosphate 
buffer pH 7.6, rapidly converted either guanosine or guanine to 
uric acid. The reaction was measured by the increase in optical 
density at 292.5 my after precipitation of cellular matter from 
the assay mixture by cold 5% perchloric acid. Because of the 
presence of enzymes capable of degrading guanosine, the level of 
this nucleoside in the medium in the later stages of the experi- 
ments involving glycine-1-C“ in competition with guanosine 
would have been very low. Therefore, guanine compounds 
might be, given opportunity, as effective as suppressors of gly- 
cine incorporation as is adenine. 

Guanosine-8-C™ Incorporation—As described above, guanosine 
at a concentration of 52 wg per ml is quickly removed from the 
culture medium by L cells, and so does not compete well with 
glycine. Incorporation of guanosine-8-C™ at the same concen- 
tration was correspondingly unimpressive, and guanine-8-C™ at 
the same molar concentration was very poorly utilized (Table 
IV). When the cells were cultured in the presence of higher 
concentrations of guanosine-8-C™, incorporation increased, until 
at 200 ug per ml the radioactivity of both nucleic acid purines 
approached that of the exogenous guanosine. At lower levels 
of guanosine such incorporation as occurred was markedly pref- 
erential to guanine. These cells clearly possess a mechanism 
for conversion of guanine to adenine; however, it may be that 
when the medium becomes depleted of guanosine such of the 
compound as does enter the guanine pool is either drawn directly 
into nucleic acid guanine or destroyed before it has a chance to 
be converted to adenine. 

Adenine-8-C™ Incorporation—It is apparent from results pre- 
viously described that L cells can utilize exogenous adenine very 
readily as a source of purines. As a measure of how well this 
preformed compound is able to compete with endogenous bio- 
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Taste III 
Incorporation of glycine-1-C'4 
The specific activity of the glycine in the medium was 2000 
c.p.m. per umole, at a glycine concentration of about 3 umoles 
per ml. The medium was supplemented with unlabeled purine 
compounds as indicated. Pool guanine levels were too low for 
accuracy in determination of specific activities. 


























Relative molar activities of isolated purine 
compounds* 
Supplement 
Pool Nucleic acid | Nucleic acid 
guanine 
None 100.0 89.0 82.0 
Adenine, 25 ug per ml 0 0 0 
AMP, 64 ug per ml —t 14.5 18.3 
Guanosine, 52 ug per ml 39.0 58.2 37.0 
* Relative molar activity = 
c.p.m. per wmole of isolated compound 
Se 2 x 100. 





c.p.m. per umole of C'4 labeled compound in medium 


t Not determined. 


TABLE IV 
Incorporation of guanosine-8-C'4, guanine-8-C'4, and adenine-8-C™ 
into nucleic acid adenine and guanine 
The specific activities of the guanosine and of the guanine in 


the medium was 4000 c.p.m. per umole, of the adenine 10,000 
¢.p.m. per umole. 











Relative molarfactivities of isolated purine 
compounds 
Supplement 
Nucleic acid adenine Nucleic acid guanine 
Guanosine: 
26 wg per ml 9.5 16.4 
52 wg per ml 13.9 24.8 
70 wg per ml 33.0 47.0 
200 wg per ml 100.0 97.0 
Guanine, 25 ug per ml <1.0 9.6 
Adenine: 
1 wg per ml 29.4 24.4 
4 wg per ml 100.0 92.5 











synthesis, incorporation of adenine at low concentrations was 
determined. The relative molar activities of nucleic acid purines 
of cells grown in medium containing adenine-8-C" at adenine 
concentrations of 1 wg and 4 wg per ml may be seen in Table IV. 
These figures correspond to z}y and y}q, respectively, of the 
molar concentration of glycine in the medium. Nearly 30% of 
the nucleic acid purines was derived from exogenous adenine 
in the former experiment; at the higher level of adenine, incor- 
poration was almost 100% into both purines. The amount of 
adenine-8-C™ incorporated into nucleic acid during the former 
experiment corresponds to an uptake of roughly half of the 
adenine originally present in the medium. Such an efficient 
utilization of adenine, even at these low concentrations, makes it 
seem likely that a derivative of this compound acts as a suppres- 
sor of purine synthesis de novo. 

It is notable that incorporation of adenine-8-C" into nucleic 
acid guanine should have been only slightly less than incorpora- 
tion into adenine, even when the concentration of adenine in the 
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medium was too low to suppress endogenous synthesis of purines 
completely. This finding would indicate that a state of rapid 
equilibration exists between the adenine pool and the precursors 
of nucleic acid guanine. Since the equilibrium in the adenylosuc- 
cinase reaction strongly favors the formation of AMP, it seems 
likely that the interconversion is mediated by a deaminase 
acting on adenine or an adenine nucleotide. Such enzymes have 
been observed in mammalian tissues by several investigators 
(25). 

Nucleotide Pools—When the nucleotide pool of an L cell cul- 
ture grown in a medium free of purines was analyzed, it was 
found to consist of adenine and guanine derivative in proportions, 
respectively, } and of the nucleic acid adenine and guanine. 
No other purines were found. The relative sizes of these pools 
were not observed to vary significantly when purine compounds 
were added to the medium. Paper electrophoresis showed the 
adenine pool to be composed primarily of ADP and ATP, with 
small amounts of AMP and DPN also present. In this respect 
it is quite similar to the nucleotide pool of rat liver cells (26). 

The effect of previous cultivation in an adenine- or guanosine- 
containing medium on the ability of the cells to assimilate and 
interconvert these purines was explored. Two cultures of L 
cells (Cultures A and C) were grown for about seven generations 
in purine-free media, and two cultures in media containing 25 
ug per ml adenine (Culture B) or 52 wg per ml guanosine (Cul- 
ture D), respectively. Then, Culture A received adenine-8-C" 
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Fic. 1. Incorporation of adenine-8-C' or guanosine-8-C" into 
the nucleotide pools and the nucleic acid of L cells. @ e, 
pool adenine; A——A, pool guanine; O——O, nucleic acid ade- 
nine; A——A, nucleic acid guanine. 
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with a specific activity of 10,000 c.p.m. per umole at a fing 
concentration of 25 wg per ml, Culture C received guanosine-§. 
C* of specific activity 10,000 c.p.m. per umole and final concep. 
tration 52 ug per ml, and Cultures B and D received, respectively, 
sufficient adenine-8-C™ or guanosine-8-C" to give a final specific 
activity of 10,000 c.p.m. per umole of adenine or guanosine. The 
radioactivities of the adenine and guanosine contained in the 
pools and in the nucleic acids of these cultures were determined 
2, 4, 6, 12, and 24 hours after the additions of the label. The 
actual specific activity of the guanosine in the medium of the 
cells pregrown on guanosine (Culture D) was determined by 
chromatographic analysis at the end of the experiment. 

The results of these experiments are presented in Fig. 1. It 
may be seen that the initial uptake of adenine into the pool 
adenine of Cultures A and B proceeded very rapidly, although 
Culture B had been pregrown on adenine and Culture A had not, 
Beyond 4 hours the relative molar activity of the pool adenine 
of Culture B continued to increase rapidly, until at 24 hours it 
approached 100%. Incorporation into the adenine pool of Cul- 
ture A, however, proceeded much more slowly after 4 hours, 
with the uptake of exogenous adenine approaching a steady 
state with the production of endogenous adenine to give the 
pool a final relative molar activity of adenine of about 60%. 

These results would indicate that a considerable period of 
cultivation in the presence of adenine is necessary for complete 
suppression of endogenous synthesis of purines. The very rapid 
early incorporation into the pool of Culture A may be indicative 
of a partial inhibition of enzyme action by an adenine derivative, 
but it cannot be excluded that this effect is simply a result of 
dilution of the adenine pool by exogenous adenine. 

There is a certain inconsistency in the pattern of C* labeling 
of the guanine pool by adenine-8-C“. This pool is only one- 
fifth as large as the adenine pool, yet incorporation into pool 
guanine proceeded at about one-fourth the rate of incorporation 
into pool adenine, even in the culture pregrown on adenine, 
where endogenous synthesis of purines presumably did not occur. 
Furthermore, it is apparent that the uptake of C™ label into 
nucleic acid guanine was not much slower than into nucleic acid 
adenine in either Culture A or B. These discrepancies can be 
reconciled by the assumption that the guanine pool is largely 
stagnant. It would seem reasonable that active nucleic acid 
synthesis might involve only one component of the pool, and 
that this component would be the final product in the conver- 
sion of adenine to guanine. The nature of guanosine-8-C¥ 
uptake into the nucleotide pool, described below, lends further 
support to this idea. 

The pattern of incorporation of guanosine into pool guanine 
generally mirrors that of adenine into pool adenine, and with 
some reservations the same arguments may be invoked to ex- 
plain it. This pool is so small that it should turn over completely 
about once an hour, yet even in the cells pregrown on guanosine 
(Culture D) the relative molar activity of guanine reached only 
30% in 2 hours. Furthermore, the incorporation of guanosine- 
8-C™ into nucleic acid guanine proceeded much too rapidly to 
have involved the entire guanine pool. By 6 hours the nucleic 
acid guanine of the culture pregrown on guanosine had attained 
a relative molar activity of 15%. Since the nucleic acids double 
in mass roughly once in 24 hours, such high radioactivity could 
have been achieved in so short a time only if the guanine com- 
pound from which the nucleic acid guanine was derived had had 
a relative molar activity of 100% almost from the beginning of 
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the experiment. By 6 hours, however, the relative molar activ- 
ity of the guanine pool had reached only 60%. The incorpora- 
tion into the nucleotide pool of Culture C was quite unimpres- 
sive: after the initial spurt of labeling, the proportion of the 
guanine pool which was radioactive stabilized at about 35%. 
These findings are clearly in agreement with the suggestion made 
previously, that the guanine pool is for the most part not in- 
yolved in active metabolism. 

Another contrast is apparent in the pattern of guanosine-8- 
(* incorporation into the adenine pools of cells grown with and 
without guanosine. The conversion of guanine to adenine was 
extremely rapid in the culture pregrown on guanosine, more 
rapid than the uptake of guanosine into the guanine pool. In 
Culture C, which was not previously exposed to guanosine, this 
conversion proceeded much more slowly, at perhaps one-fourth 
the rate of incorporation of guanosine into pool guanine. Con- 
ceivably the difference reflects the presence of an adaptively 
formed conversion mechanism in cells cultivated on guanosine. 
It is intended to investigate this point further. 

The incorporation into the nucleic acids during these experi- 
ments generally reflected the distribution of radioactivity in 
the pools. For cells pregrown on adenine or guanosine, the 
proportion of nucleic acid adenine and guanine containing the 
C“ label increased at about twice the rate of the cultures culti- 
vated in the absence of purines. 

Effects of Azaserine on Nucleotide Pools—Azaserine is a 
glutamine antagonist which in mammalian tissues blocks the 
formation of 2-amino-N-ribosylacetamide-5’-P, of (a-N-formy])- 
glycinamidine ribonucleotide, the conversion of xanthosine-5’-P 
to GMP, and other reactions involving glutamine (27). At a 
concentration of 23 ug per ml, azaserine causes immediate ces- 
sation of L cell multiplication, and eventually death of the cells. 
The presence of guanosine, 50 ug per ml, in the medium does not 
overcome the toxicity; the effects of this compound in L cells are 
apparently not confined to inhibitions of purine biosynthesis. 

Cultivation of L cells in media containing azaserine did yield 
some interesting results relevant to pool equilibria and nucleic 
acid stability, however. After 4 days in the presence of azaser- 
ine, 23 wg per ml, the adenine pool, which normally contains 
about one-fourth as much adenine as the nucleic acid, became 
depleted to one-fourth its usual size (Table V) and the guanine 
pool became insignificant, presumably because nucleic acid syn- 
thesis continued for a time. 

In another experiment, guanosine, 52 ug per ml, was added to 
the medium 2 days after the addition of azaserine. Although 
growth was not restored, the guanine pool attained a high level 
within the next 2 days, and the adenine pool increased enor- 
mously, to four times its normal size (Table V). No intermedi- 
ates in the conversion of guanine to adenine were detectable in 
the pools. Since the guanine pool itself remained small while 
the expansion of the adenine pool proceeded at the expense of 
guanosine, the pool equilibrium must be greatly in favor of 
adenine compounds. 

It would seem reasonable that such nucleic acid turnover as 
does occur would involve an exchange with the purines of the 
pool. A small amount of purine biosynthesis was found to take 
place in the presence of azaserine, as measured by the incorpora- 
tion of glycine-1-C™ into pool adenine. The extent of this 
incorporation should permit the calculation of a maximal value 
for nucleic acid turnover. Glycine-1-C“ added 2 days after 
addition of azaserine caused the adenine pool to become 55% 
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TaBLE V 
Nucleotide pool to nucleic acid ratios 








None 0.26 0.030 
Azaserine, 23 wg per ml 0.065 —_* 
Azaserine, 23 ug per ml + guano- 0.93 0.080 


sine, 52 wg per ml 











* Too low for measurement. 


labeled within 2 days more. No radioactivity was incorporated 
into the nucleic acids. Since the quantity of adenine in the 
pool after 4 days of azaserine treatment had shrunk to 3 that 
of the nucleic acid, it would seem that nucleic acid turnover 
involving the pools could at most be only of the order of 5% in 
48 hours. 


DISCUSSION 


It was possible to demonstrate in the L and Ehrlich ascites 
cells many of the enzymes involved in the conversion of IMP 
toAMPand GMP. The activities of the enzymes which convert 
IMP to AMP are of the order of those of the corresponding 
bacterial enzymes, whereas those which convert IMP to GMP 
are very much lower. This finding is in agreement with the 
idea that in L cells the adenine pool is the major storage depot 
for purine compounds. Indeed, it could be shown that when 
guanosine was fed to L cells in which the endogenous synthesis 
of nucleic acids had been prevented by azaserine, it caused a 
great enlargement of the adenine pool rather than being concen- 
trated in the cells in the form of guanine derivatives. It may be 
recalled that even when L cells were grown in media containing 
amounts of adenine too small to suppress endogenous purine syn- 
thesis, the uptake of adenine-8-C™“ into the two nucleic acid 
purines was about equal, indicating that the precursors of adenine 
and guanine rapidly equilibrate with the adenine pool. The 
equilibrium in the adenylosuccinase reaction, moreover, has been 
shown by Carter and Cohen (21) to be very much in favor of 
the formation of AMP. The over-all effect of the enzyme levels 
and equilibria may then be to pull the products of purine syn- 
thesis de novo quickly into the adenine pool, where they are not 
immediately subject to the action of degradative enzymes. 

The extensive enlargement of the adenine pool at the expense 
of exogenous guanosine shows that the L cells possess an effective 
mechanism for converting guanine to adenine. The enzyme 
GMP-reductase, which converts GMP directly to IMP, has been 
demonstrated in bacteria (17), and there is some evidence for 
its presence in mammalian tissues (28). It has not been possible 
to demonstrate it directly in these cells, however, although the 
incorporation data would indicate its presence. 

It would seem that control of synthesis of purine nucleotides 
de novo is exerted by exogenous adenine and guanine compounds. 
When adenine or guanosine was present in the growth medium 
at low concentration, most of the cellular purines were derived 
from the exogenous compound and not by synthesis de novo. 
This is seen in the extensive incorporation of adenine-8-C™ and 
guanosine-8-C™ into the nucleic acids of L cells, and in the 
suppression of glycine-1-C™ incorporation in the presence of 
adenine and guanine compounds. These results and their im- 
plications for suppression of purine synthesis de novo by purine 
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end products are similar to results obtained in similar experi- 
ments with bacteria and HeLa cells (6, 18). 

One mechanism of control which may be operative in the 
biosynthesis of purines by pigeon liver extracts (7) is the direct 
inhibition of an early enzyme by an end product (feedback). If 
this were the major control mechanism in the L cell, one would 
expect to find an immediate inhibition of the synthesis of purines 
de novo upon addition of adenine or guanosine. Actually, the 
addition of adenine or guanosine to cells not previously exposed 
to purines rapidly produces a condition in which one-half of the 
purines in the soluble pools arises by synthesis de novo, whereas 
the other half is derived from the exogenous supply (Fig. 1); 
evidently, the feedback inhibition is at most capable of reducing 
the rate of endogenous synthesis by one-half. On the other 
hand, adenine or guanosine offered to cells previously cultured 
for several generations on the corresponding purine, produces a 
complete suppression of the synthesis of purines de novo and all 
purines in the soluble pools are derived from the exogenous 
supplement. These results are compatible with the assumption 
that the mechansim responsible for the preferential utilization of 
exogenous purines in the growing cell is the inhibition of the 
formation of one of the enzymes essential for purine biosynthesis 
by its ultimate product (repression) : the cell cultured for several 
generations in the presence of adenine or guanosine would be 
deficient in this enzyme and consequently unable to synthesize 
purine nucleotides de novo. 

So far it has not been possible to demonstrate directly the 
repression of a particular enzyme by exogenously added purines. 
However, only the enzymes responsible for the last steps of 
AMP and GMP synthesis have been examined. It is planned 
to extend these investigations to the enzymes responsible for 
the earlier steps of purine biosynthesis. 


SUMMARY 


Several enzymes involved in the later stages of purine biosyn- 
thesis were demonstrated in extracts of L and Ehrlich ascites 
cells. The levels of inosine 5’-phosphate dehydrogenase and 
xanthosine 5’-phosphate aminase in these cells are very low 
compared to the levels of adenylosuccinate synthetase and 
adenylosuccinase, which are about as high as those of enteric 
bacteria. Cultivation of L cells in the presence of adenine did 
not affect the levels of inosinicase, inosine 5’-phosphate dehydro- 
genase, or adenylosuccinase. 

The adenine nucleotide pool of L cells appears to serve as a 
purine reservoir. Incorporation data indicate that exogenous 
adenine and guanine compounds were rapidly concentrated in 
this pool, from which both nucleic acid purines were then derived. 

L cells are able to interconvert adenine and guanine quite 
readily. The conversion of guanine to adenine is particularly 
rapid in cells which have been grown on guanosine, indicating 
that an adaptive mechanism may be involved. 

L cells which have been cultivated in the presence of adenine 
or guanosine for several generations appear to derive their pu- 
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rine entirely from the exogenous compound. Cells which have 
been grown in the absence of purine compounds continue to 
synthesize adenine and guanine de novo for at least 24 hours 
when either adenine or guanosine is added to the medium. This 
result suggests that the presence of adenine or guanosine in the 
growth medium may inhibit endogenous synthesis by repressing 
the formation of an enzyme essential for purine biosynthesis, 
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In connection with our studies on bovine aplastic anemia 
(2-4), it became important to determine the nature and approxi- 
mate amounts of the major acid-soluble nucleotides in blood 
cells. A survey of the literature revealed only meager informa- 
tion on nucleotides in human thrombocytes (5-8) and only one 
report dealing (6) with another specie. The presence of adeno- 
sine diphosphate and adenosine triphosphate in human throm- 
bocytes has been recorded (5-8). Fantl and Ward (7) found, 
in addition, adenine, guanine, cytosine, and uracil in hydroly- 
sates of acid-soluble components of human thrombocytes in 
which these compounds were said to be present as ribose phos- 
phates in undetermined combinations. Born (6) used the fire 
fly test to establish the presence of adenosine triphosphate in 
the thrombocytes of pigs’ blood. 

This paper presents the results of an ion exchange analysis of 
the acid-soluble nucleotides of bovine thrombocytes. 


EXPERIMENTAL PROCEDURE 


Preparation of Acid-soluble Extracts—Blood was obtained at 
slaughter from 10 Holstein calves judged to be normal by clinical 
and hematological examinations. Thrombocyte concentrates 
were prepared, under refrigeration, from 2 liters of blood accord- 
ing to the method previously described (3). The average re- 
covery of the thrombocytes in the concentrates was 25%. An 
arbitrary value of not more than one erythrocyte per 5000 
thrombocytes was chosen as the minimal standard of purity 
of the concentrates. Contamination from the leukocytes was 
always less than this, and presumably negligible in these prepa- 
tations. 

Acid-soluble extracts were prepared by treating 1 volume of 
thrombocyte concentrate with 2 volumes of cold 1.5 m HCIO,, 
centrifuging, and drawing off the extract. The precipitate was 
washed once with cold 0.6 m HClO,. The extract and washing 
were combined and adjusted to pH 8 with 12 m KOH, the KCIO, 
precipitate was removed by centrifugation, and the clear extract 
used for chromatography. These extracts were kept frozen at 
—20° until the analyses were started. 

Chromatography—The extract was placed on an anion ex- 
change column (Dowex 1-X8, 200 to 400 mesh, 25 cm xX 0.78 
em?, formate form) (9, 10). The column was then washed with 
distilled water until the absorbancy of the effluent was zero. 


* Paper No. 4284 Scientific Journal Series, Minnesota Agricul- 
tural Experiment Station. This work was supported in part by 
funds from the National Institutes of Health (RG-4730) and the 
United States Atomic Energy Commission, Contract AT(11-1)- 
364. The results have been presented in part at the 1959 Meetings 
of the American Society of Biological Chemists (1). 
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The nucleotides were eluted by three linear gradient systems 
(11), applied in succession, with the eluants suggested by Hurl- 
bert et al. (10). With the first elution mixture, collected in 
Fractions 1 to 90, the concentration of formic acid was increased 
from 0 to 0.6m. With the second elution mixture, collected in 
Fractions 91 to 170, the concentration of formic acid was in- 
creased from 0.5 to 4 Mm. In the third elution mixture, collected 
in Fractions 171 to 400, the concentration of ammonium formate 
in 4 m formic acid was increased from 0 to 0.8m. The flow rate 
was about 0.3 ml per minute, and fractions of 110 drops were 
collected with the aid of a fraction collector. The nucleotides 
in the eluates were located by ultraviolet absorption at 260 my, 
and preliminary identification was made through the order of 
emergence from the chromatographic column and the ratio of 
absorbancies measured at 275 and 260 mu. Appropriate frac- 
tions were pooled, formic acid and ammonium formate were 
removed under reduced pressure by distillation and sublimation 
in a closed system in which the extracts were at room tempera- 
ture while a condenser was cooled with liquid nitrogen. The 
nucleotides from each pooled fraction were further studied by 
rechromatography on anion exchange resin, by paper chroma- 
tography (12, 13), by paper chromatography of the bases ob- 
tained after hydrolysis for 1 hour at 100° with 12 m HCIO, (14), 
total phosphorus analyses (15, 16), and by tests for the following 
carbohydrates or their derivatives: deoxypentose (16-19), N- 
acetyl-amino sugar (20), amino sugar (21), and uronic acid (22). 
Uricase (23) was used in attempts to identify uric acid, and the 
differentiation between the pyridine nucleotides was made with 
the use of rabbit muscle lactic dehydrogenase (24), which re- 
acted with TPN at less than 1% of the rate observed with DPN 
(25). 


RESULTS 


The following carbohydrates and carbohydrate derivatives 
were not detectable in the extracts: deoxypentose: (indole reac- 
tion (19), cysteine-sulfuric acid reaction (18), and bromination 
followed by diphenylamine reaction (19)); N-acetyl-amino sug- 
ars (aniline acid phthalate reaction (21)); uronic acids (carbazole 
reaction (22)). These tests, in conjunction with a positive 
orcinol test give presumptive evidence that the carbohydrate 
moiety of the nucleotides is a pentose, although the orcinol test 
is not absolutely specific (26). 

Fig. 1 shows a typical pattern of emergence of the nucleotides. 
In addition to the main fractions which are further described in 
Table I, bovine thrombocytes contain several minor components 
in the nucleotide fraction as revealed by increased absorbancies 
in Tubes 135 to 138, 152 to 156, 223 to 236, and 300 to 303, re- 
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Fig. 1. Emergence pattern of nucleotides from Dowex 1-X8 column. F.A., formic acid; Am.F., ammonium formate. 
TaBLeE I 
Nucleotides in bovine thrombocytes 
Fraction 
Property 
A B Cc D E F G H I fast I slow 
Bip OR bade? oi asics. seis geiasiienis. 0.40 0.32 0.40 0.48 0.28 | 0.25] 0.05 0.20 0.05 0.06 
IN sia hex seers (WME oleae RT e otas.cere 280 280 258 258 257 258 255 258 256 260 
SE OO LET 240 240 240 236 240 230 235 235 240 
SEE ee ee 270 270 260 258 258 258 258 258 258 262 
NET A 250 232 240 235 240 240 235 235 245 
iia Se oe fas oo cial bie ai6-9.4 6'0:4'¢-4 0.45¢ 0.45 0.387 | 0.38 0.38 | 0.36} 0.30 0.36 0.25 0.65 
Mole ratio phosphate to base.............| 2.2 0.9 2.0¢ 12 2.2 ? 2.3 2.9 3.0 2.8 
Probable identity........................| CDPEY | CMP | DPN | AMP ADP ¥ GDP ATP GTP | UTP 
Amount, umoles per 10"! thrombocytes’..... 2.524 {1.2 +] 0.17 +) 1.4 + | 22.04 ? 19+ | 56.9+/)4.8+4+/6.2+ 
0.50 0.18 0.03 0.16 0.16 0.30 3.9 0.76 0.74 



































* Rp on Whatman No. | paper in isobutyric acid-concentrated NH,OH-H:0, 66:1:33, volume for volume. 

* Ry on Whatman No. | paper in isopropanol-HCl (specific gravity 1.19)-H,O, 66:16:18, volume for volume, after hydrolysis. 
¢ Fraction A contained in addition a ninhydrin-positive component. 

¢ Fraction C upon hydrolysis afforded a second base with Rp of 0.30 which fluoresced under ultraviolet light. 


¢ Applies to base with Rp 0.38. 

4 Cytidine diphosphoethanolamine. 

* Probably an adenosine derivative. 

* Mean of 10 specimens + standard error of the mean. 


spectively. The small concentration of these compounds in the 
extracts did not permit identification. 

The main criteria that served for tentative identification of 
the major components and the conclusions drawn therefrom are 
summarized in Table I. The following additional observations 
are pertinent. Fraction A gave a positive ninhydrin test; hy- 
drolysis with 1 n HCl at 100° for 30 minutes produced a nin- 
hydrin-positive compound which, on paper chromatography 
with phenol-water (25:25, volume for volume), had Rp of 0.34 
similar to phosphoethanolamine. 

Fraction C contained a compound with an absorption spec- 
trum of the pyridine nucleotides; it formed a complex with KCN 
as evidenced by appearance of maximal absorbancy at 327 
my. When Fraction C was treated with lactate and lactic de- 
hydrogenase from rabbit muscle, the absorbancy at 340 my 
increased indicating the formation of DPNH. The presence of 
a pyridine nucleotide was also suggested by the presence of a 


substance in the acid-hydrolyzed fraction that fluoresced in 
ultraviolet light and had Ry of 0.30 in paper chromatography 
(14). 

Fraction F had an absorption spectrum similar to adenosine 
and yielded upon acid hydrolysis a compound with Ry 0.36, 
similar to adenine. The small amounts of substance available 
precluded further identification. 

Fraction I was separated by rechromatography on Dowex 1 
resin into a faster moving component with properties of GTP 
and a slower moving component with properties of UTP. 

The enzymatic procedure provided no evidence for the pres- 
ence of uric acid in the thrombocyte concentrates. 

The amounts of the individual nucleotides listed in Table I 
were calculated from their extinction coefficients at 260 my (27) 
and on the basis of the cell counts of the thrombocyte concen- 
trates. If the “normal” thrombocyte content of blood from 
calves is considered to be about 800,000 per cu mm (2), the 
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quantities of the nucleotides shown in Table I represent those 
present in the thrombocytes from about 125 ml of normal blood. 
For the triphosphates this estimate may be low inasmuch as 
some hydrolysis may have occurred during preparation of the 
thrombocyte concentrates, in spite of constant refrigeration. 

The extremely low thrombocyte counts observed in blood 
from calves with aplastic anemia (2) precluded the preparation 
of satisfactory concentrates from this source. 


DISCUSSION 


Our results provide evidence for the presence of at least 10 
nucleotides in thrombocyte concentrates prepared from normal 
calf blood. Nucleotide analyses were made on acid-soluble 
extracts from erythrocytes from the same blood specimens and 
it was calculated that the erythrocyte contribution to the nucleo- 
tide content of the thrombocyte concentrates is less than 0.1%. 

No deoxypentoses were detected in these thrombocytes by 
the procedures used which is consistent with the earlier observa- 
tion that DNA cannot be found in the bovine thrombocytes (3). 

The relatively high concentrations of ADP and ATP in com- 
parison to the other nucleotides is in accord with the observa- 
tions of Bestetti and Crosti (5) who reported that adenine is 
the main purine or pyrimidine base in acid-hydrolyzed human 
thrombocytes. In contrast to Fantl and Ward (7) who ob- 
served a mole ratio of 5:2 between ADP and ATP in the acid- 
soluble nucleotides of human blood, this ratio in the extracts of 
our specimens was about 2:5; moreover, these contained, per 
unit number of cells from 4 to 8 times the amounts of acid-solu- 
ble derivatives of adenine, guanine, and pyrimidines which were 
found in human thrombocytes (7). In his assays for ATP, 
Born (6) found a higher concentration in the thromboc ytes of 
pigs than in those of humans; his values for the latter are also 
greater than those reported by Fantl and Ward (7). 

Cytidine diphosphoethanolamine has been reported in acid- 
soluble extracts of rat and hen liver (28) and in calf thymus 
gland (29). The occurrence of this compound in bovine throm- 
bocytes is of interest in view of its metabolic role in the biosyn- 
thesis of phosphatides (28, 30) of which thrombocytes contain 
relatively high concentrations (29, 31). Wallach et al. (32), 
through paper chromatography of phospholipids from human 
thrombocytes, found evidence for the presence of phosphatidy]- 
ethanol amine. This compound has been implicated (33) as 
one of the platelet factors involved in blood clotting (34). 

Analyses for acid-soluble nucleotides have been reported for a 
wide variety of tissues, including liver, thymus, and intestinal 
mucosa. Recent evidence has shown that thrombocytes origi- 
nate from the fragmentation of the cytoplasm of the megakaryo- 
cytes (35), and it is of interest that these formed blood elements 
of cytoplasmic origin contain most of the nucleotides reported 
in extracts of whole tissues. 


SUMMARY 


Compounds with properties similar to the following nucleo- 
tides are present in thrombocyte concentrates prepared from 
normal calf blood: cytidine diphosphoethanolamine, cytidine 
monophosphate, adenosine monophosphate, adenosine diphos- 
phate, guanosine diphosphate, adenosine triphosphate, uridine 
triphosphate, guanosine triphosphate, and diphosphopyridine 
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nucleotide. Of these compounds, adenosine triphosphate is 
present in the largest amount. 
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Extracts of Escherichia coli contain several classes of macro- 
molecules, of which the ribonucleoproteins or ribosomes possess 
characteristic patterns of sedimentation in the ultracentrifuge. 
However, it has been observed that the sedimentation of the 
ribosomes varies as a function of the composition of the extract- 
ing or suspending medium. In aqueous extracts of EZ. coli at 
pH 7, four schlieren boundaries are usually observed (1). These 
characterize two types of ribosomes of about 40 to 45 S and 25 
to 30S, respectively, a component containing deoxyribonucleic 
acid whose sedimentation rate of about 8 to 14 S, depends in 
part on concentration, and a boundary of lower sedimentation 
rate comprising most of the cell protein. In extracts containing 
Mgt+ at 10-* to 10-? M, or in aqueous extracts to which Mg?*+ is 
subsequently added, the ribosome components are polymerized 
and new components are observed possessing sedimentation co- 
efficients of 608, 80S, and even higher. The removal of Mg++ 
from such solutions results in the disappearance of these rapidly 
sedimenting components (2, 3). 

During experiments designed to develop systematic methods 
of isolation of certain enzymes, and of components containing 
DNA from extracts of E. coli, the problem of facilitating the 
removal of the ribosomes was explored. It was observed that 
the ribosomal fraction contained significant amounts of the 
polyamines, putrescine and spermidine. It appeared possible 
that these components were playing some role in the aggregation 
reactions of the ribosomes. It was observed that when H.O 
was used as extractant certain concentrations of spermidine per- 
mitted the preservation and formation of larger ribosomal par- 
ticles even in the absence of Mg++. However, Mgt+ and 
spermidine were more active together than separately in the 
aggregation of ribosomal components. 


EXPERIMENTAL PROCEDURE 


Methods and Materials—E. coli strain B, grown with aeration 
at 37° in an inorganic salts-glucose medium (4), was used in 
these studies. The organisms were harvested during exponen- 
tial growth at 3 X 108 per ml. The cells were chilled, centri- 
fuged, and washed, and aliquots were ground in the cold with 
2.5 g of Alumina A-301 per g wet weight of cells. The organisms 
were extracted (10 ml per g wet bacteria) with water (final pH 
7.0) or 0.05 m Tris (pH 7.5) containing Mgt+ or polyamines or 
without additional cation. If water extracts were to be made it 
was important to wash the bacteria with Mg*+-free media since 
otherwise the carryover of Mg*+ in the pellets was significant. 
Putrescine dihydrochloride and cadaverine dihydrochloride were 
obtained from Nutritional Biochemicals Corporation. Spermi- 


* This work was supported by a grant from the Commonwealth 
Fund. 


dine phosphate and spermine tetrahydrochloride were obtained 
from Mann Research Laboratories, Inc. Uniformly labeled 
glucose-C" was obtained from Tracerlab, Inc. 

Coarse bacterial debris and alumina were removed by sedi- 
mentation in an Aminco centrifuge at 5,000 r.p.m. for 30 min- 
utes. Aliquots were removed from the supernatant fluid for 
analyses of protein, nucleic acids, and diamines, and for ex- 
amination in the analytical ultracentrifuge. Aliquots were sedi- 
mented in the Spinco Ultracentrifuge, model L, at 40,000 r.p.m. 
(114,400 x g at the center of the tube) for a 1- or 2-hour pe- 
riod. The pellets were drained carefully and resuspended in the 
desired solvent at 3 times their original concentration; aliquots 
were then removed for the analyses indicated above. It was 
observed that pellets sedimented for 1 hour did not contain 
detectable amounts of DNA. However, preparations formed by 
centrifugation for 2 hours contained 10 to 20% of the DNA of 
the extract. The latter pellets were used only in initial orient- 
ing studies. 

Protein was estimated by the method of Lowry et al. (5) and 
the nucleic acids were determined by the method of Schneider 
(6). Total polyamines were estimated as cyclohexanone-ex- 
tractable dinitrophenyl derivatives (7). The bases, putrescine 
and spermidine, present in extracts deproteinized by trichloro- 
acetic acid were identified by paper chromatography in iso- 
propanol-HCl (8), by paper electrophoresis in the EC 405 elec- 
trophoresis apparatus (9) and by ion exchange chromatography 
on Dowex 50-H* (10). These methods have previously been 
used to demonstrate the presence of the polyamines in a wide 
variety of microorganisms, including EF. coli (8-10). Our anal- 
yses revealed that putrescine and spermidine were by far the 
major polyamines in the total extracts and ribosomal extracts of 
the organisms grown as indicated above. Although the extinc- 
tion coefficient of the dinitrophenyl derivatives for spermidine is 
somewhat larger than that of putrescine (7), the total diamine 
content was estimated from the extinction coefficient for putres- 
cine.! 

It may be noted that free lysine and ornithine are estimated as 
polyamine in the dinitrophenyl method. However, these amino 
acids are readily separated from spermidine in paper chromatog- 
raphy in isopropanol-HCl and in the ion exchange chromatog- 
raphy. Paper chromatography in isopropanol-NH,OH separates 
putrescine from these amino acids. Paper electrophoresis at 
neutrality also separates these dinitrophenyl amino acids from 
the dinitrophenyl polyamines. By the use of both chromatog- 
raphy in the two solvent systems and paper electrophoresis of the 

1The authors wish to acknowledge with gratitude the oppor- 


tunity to examine manuscripts of Dr. B. Ames and Dr. D. Dubin 
in advance of publication. 
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TABLE I 
Some analytical characteristics of ribosomal preparations 
Total extract Ribosomal fractions* 
Type of preparation ae - 2 Pate. ee 
| Protein |RNA-pentose DNA Polyamine Protein |RNA-pentose | Polyaminet 

= ae anna }—_— a nes on = | 

mg/ml pg/ml ug/ml pumoles/ml mg/ml ug/ml pmoles/ml | % total 
Sodium chloride-washed, HO extracted. ....| 4.7 465 456 1.28 1.6 576 0.57 | 14.7 
Sodium chloride-washed, Mg** extracted. .... |} 4.9 516 420 1.30 2.6 | 1110 0.46 11.7 
Mg*+ washed, Mg** extracted...............| 4.0 588 450 2.2 1080 0.62 | 13.7 





< Three-fold concentrated. 


+ Calculated as putrescine in the dinitrofluorobenzene method. 


dinitrophenyl derivatives, it has been found that these amino 
acids constitute less than 5 to 10% of the polyamine of both the 
total extract and of the ribosomes. 

Total extracts and solutions of ribosomes were examined in a 
Spinco model E ultracentrifuge? Sedimentation coefficients for 
the various components were determined from photographs of 
the schlieren boundaries.’ 


RESULTS 


Polyamines in Ribosomal Preparations—Three liters of a cul- 
ture of E. coli were grown and harvested as described earlier. 
Bacteria from 2 liters of culture were washed in 0.85% sodium 
chloride solution and the remainder were washed in the growth 
media which contained Mg++. Two aliquots of the wet bacteria 
(derived from 1 liter each of the sodium chloride-washed or- 
ganism) were ground and extracted in H,O or in 5 X 10° m 
Mg** in water at pH 7.0. The ground bacteria exposed to Mg** 
throughout were extracted in 5 X 10-? m Mg*+ at pH 7.0. The 
extracts were sedimented to remove coarse debris and the ribo- 
somal fraction was prepared by sedimentation at 40,000 r.p.m. 
for 1 hour. The pellets were redissolved in one-third the orig- 
inal volume of the extracting medium. Analytical data on the 
fractions are presented in Table I. 

It can be seen that the organisms may be washed in Mg**- 
free media without reducing the yield of the ribosome fraction. 
However, preparation of the extracts in the absence of Mg** 
resulted in a severe reduction of RNA sedimentable under these 
conditions. The relative protein contents of such pellets were 
only slightly increased. However, no reduction in total sedi- 
mentable polyamine was observed in the total ribosome fraction 
of such water extracts. Thus the ribosomal pellets contained 
12 to 15% of the total polyamine of the extracts. However, this 
molar amount of polyamine in the Mg*++-treated ribosomes was 
no more than 5% of the moles of RNA phosphorus, and only 
approached 8% in the water-treated material. The amount of 
the polyamines in extracts made with water were of the order of 
10-* m. In the total extract the concentration of spermidine 
was a third to a fifth of the putrescine content. In the ribo- 


2 The authors are grateful to Dr. Verne Schumaker of this De- 
partment for making available the use of this instrument. 

’ The sedimentation rates which are presented were corrected 
to 20° but are not corrected to zero concentration as are the co- 
efficients reported by Tissiéres and Watson (3). Thus components 
reported in this paper to possess sedimentation coefficients of 25 
to 30 S and 40 to 45 S are probably identical to the components of 
32 S and 51 S reported by those workers. 


1.51 











Fig. 1. Analytical ultracentrifugation of extracts of E. coli. 
Left to right, extracts were made in: 1, HO; 2, 10-?m Mg++ + 0.05 
mM Tris, pH 7.5; 3,5 X 10-* m spermidine + 0.05 m Tris; 4,5 X 10-8 
putrescine + 0.05 m Tris. Sedimentation coefficients are pre- 
sented in Table IIA. Runs were made at 42,040 r.p.m. Pictures 
were taken 8 minutes after coming to speed. Bar angles were 50°. 


somal fraction the concentration of spermidine was a half to a 
third that of putrescine. 

_ Although the sum of the two polyamines determined after ion 
exchange separation agreed with the estimate of total dinitro- 
fluorbenzene-reactive polyamine in the ribosomal extracts, total 
polyamine in the crude extract was significantly greater than the 
sum of the two bases. This suggests the possible presence of 
one or more polyamines other than spermidine or putrescine in 
the total extract and not present in the ribosomes. 

Sedimentation Data—In Fig. 1 are reproduced schlieren pat- 
terns of extracts of E. coli made in a number of different ex- 
tractants. In this experiment an extract made in H,O was 
compared with extracts made in 0.05 m Tris, pH 7.5, containing 
either putrescine or spermidine at 5 X 10-* M or a relatively low 
concentration (10-* m) of Mg++. Neither putrescine nor Mg++ 
is able to polymerize the ribosomal component at the concen- 
trations used. However, it can be seen that 5 X 10-4 M spermi- 
dine phosphate, a concentration of spermidine 10 to 20 times that 
observed in H.O extracts, is capable of producing a component 
of higher S rate. The sedimentation coefficients are presented 
in Table ITA. We may note that even considerably higher con- 
centrations of phosphate do not increase the sedimentation 
rates of ribosomal components (2). 

When the ribosomal fractions obtained in this same experi- 
ment are resuspended in a variety of media, it can be seen in 
Fig. 2 that the ribosomes sedimented in 5 X 10-* m spermidine 
remain polymerized by solution in 5 X 10-* mM spermidine. 
However, ribosomes sedimented in spermidine are polymerized 
even further in 10-* m Mg**, a concentration of this cation which 
will not polymerize a ribosomal fraction in itself. 

Conversely ribosomes sedimented in 10-? m Mgt+ and re- 
suspended in 10-* m Mg** did not show a component greater 
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TABLE IIA 


Sedimentation coefficients for components of extracts prepared in 
various solvents (Fig. 1) 





Systems | 

extracts | Solvents soo, uncorrected 

(Fig. 1) | 
1 H:0 40.3 | 23.6} 8.8 5.1 
2 | 10°? m Mg** + 0.05 m | 43.2 | 26.4 | 13.5 | 5.8 


Tris 
3 5 X 10°% m spermi- 
dine + 0.05 m Tris 
4. |5 X 10% m putres- | 40.1 
| eine + 0.05 m Tris 


40.8 | 26.9 | 12.4 | 4.8 
26.9 | 12.7 | 5.2 





TaBLeE IIB 


Sedimentation coefficients for components of ribosomal 
preparations suspended in various solvents (Fig. 2) 








Systems* 
Fig. SR GR S20, uncorrected 
as | Initial extract Resuspending solvent 
—iteieaaialiaedioes Pb SSS SNE SRR AEA Sere ee 
2-1 | Mg**-Tris Mg**-Tris 42.9)29.7| 
2-2 | Mgt*-Tris | spermidine-Tris 58.1)42.2|27.5 
2-3 | spermidine-Tris | spermidine-Tris 62. 4/43. 1/29. 7| 





2-4 


spermidine-Tris | Mg**-Tris 70.4 62.8/46.730.5 21.8 


* Tris is 5 X 10-? M; Mg** is 10-* M; spermidine is 5 X 10-3 M. 














Fic. 2. Analytical ultracentrifugation of ribosomal prepara- 
tions initially sedimented in the presence of Mg** or spermidine 
and redissolved in Mg** or spermidine. The systems are pre- 
sented in Table IIB. Runs were made at 42,040 r.p.m. Pictures 
were taken 8 minutes after coming to speed. Bar angles were 50°. 











ee <« mee See = ‘ SS 

Fig. 3A. Analytical ultracentrifugation of extracts of E. coli. 
Extracts were made in 5 X 10? m Tris, pH 7.5, containing: 1, No 
added cation; 2, 5 X 10-* m Mg**; 3, 5 X 10-* m spermidine; 4, 
5 X 10-° mM Mg** + 5 X 10-* Mm spermidine. Runs were made at 
42,040 r.p.m. Pictures were taken 8 minutes after coming to 
speed. Bar angles were 40°. 


than 43 8. However, when the same ribosomes sedimented in 
10-* m Mg++ were resuspended in 5 X 10-* m spermidine, con- 
siderable amounts of a 58 S component were formed. The 
sedimentation rates for these determinations shown in Fig. 2 
are presented in Table IIB. 

When extracts are made in H.O, suspension of the derived 
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Fic. 3B. Analytical ultracentrifugation of ribosomes of E. coli 
redissolved in media of same composition as initial extractant. 
These contained 5 X 10-* m Tris, pH 7.5, plus: 1, no added cation; 
2,5 X 10-*m Mg**; 3,5 X 10-$ M spermidine; 4, 5 X 10-3 m Mgt+ + 
5 X 10-* m spermidine. The runs were made at 42,040 r.p.m. 
The pictures were taken 12 minutes after coming to speed and bar 
angles were: 1, 50°; 2, 30°; 3, 30°; and 4, 30°. 


ribosomes of 40 and 25 S in 10-? m Mg++ or 5 X& 10-3 M spermi- 
dine produced a new component of 60 S and 62 §, respectively, 
in addition to the previously observed components. When the 
extract was made in 10? m Mgt+, suspension in Mg++ of the 
derived ribosomes of 60 8, 44 8, and 30 S in H.O essentially 
eliminated the 60 S component selectively. Suspension of the 
same fraction in 10-? mM Mg** or 5 X 10-3 mM spermidine produced 
a new component of 80 § in addition to the previous three com- 
ponents. If the extract was made in 5 X 10-% m spermidine 
without Tris, significant amounts of a 60 S component as well 
as 44 and 28 S components were observed. When these ribo- 
somes were suspended in H.O, the 60 S component was disinte- 
grated. When ribosome components originally made in spermi- 
dine were suspended in spermidine or Mgtt, 70 S and 808 
components were observed, respectively, in addition to the 
60 S component which comprised most of the preparation. 

Preparation of Extracts—Since it appeared that a combina- 
tion of Mg** and spermidine was effective in preserving ribo- 
some structure, a comparison was made of extracts and solu- 
tions of the ribosomal components prepared in 5 X 107 M 
Tris, pH 7.5, or in this buffer containing 5 x 10-3 m Mgt+ or 
5 X 10-* M spermidine or both. The initial schlieren patterns of 
the extracts are presented in Fig. 3A and those of the isolated 
ribosomes redissolved in the same medium are given in Fig. 3B. 
Analyses of the extracts and of the sediments are presented in 
Table ITI. 

It can be seen that in Tris alone, the fastest component is 
about 42 to 46S. When extracts are made in Mg*+-Tris a 60 S 
component is obtained in addition to smaller components. Re- 
suspension of the sedimented ribosomes in Mgtt+-Tris produced 
many types of polymerized particles including one of 78 S. 
Extraction in spermidine-Tris also produces a 60 S component. 
This is broken down to some extent after sedimentation and 
resolution in spermidine-Tris. It is of interest that in spermi- 
dine-rich extracts, DNA spikes are not readily detectable in the 
schlieren patterns. 

When extraction is effected in Tris buffer containing both 
Mg** and spermidine the three ribosomal components of 65 S, 
50 S, and 30 S may be sedimented and resuspended in this me- 
dium without a major change in the relative composition of the 
components. Larger components were not formed nor were 
smaller components generated. The RNA content of such a 
ribosomal preparation amounted to 83% of the total RNA. 

On Origin of Ribosomal Polyamine—Since the ribosomes are 
rich in RNA, it might be supposed that immersion of these par- 
ticles in a solution containing polyamine, as in a bacterial ex- 
tract, results in a nonspecific absorption of a small portion of the 
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TaBLeE III 
Analyses of extracts and ribosomal fractions (Figs. 3A and $B) 
$20, uncorrected 
Buffer Fraction RNA-pentose Fig. No. 
1 2 3 4 5 
ug/ml 
5 X 10-2 m Tris Extract 498 3A-1 45.8 26.3 11.9 5.8 
Ribosomes* 702 3B-1 41.6 30.4 21.7 
Tris + 5 X 10°? m Mgt* Extract 468 3A-2 58.9 44.3 28.7 13.6 3.7 
Ribosomes 1107 3B-2 77.8 69.1 52.3 40.8 
Tris + 5 X 10-3 m spermidine Extract 480 3A-3 59.7 46.4 31.8 5.7 
Ribosomes 1035 3B-3 74.0 47.4 32.2 
Tris + 5 X 10°? mM Mg*+ + 5 X Extract 492 3A-4 65.0 49.7 30.3 6.3 
10-3 m spermidine Ribosomes 1224 3B-4 64.0 49.5 30.7 





























* Three times concentrated. 


soluble cation to the polyanionic ribosomes. Although the 
effect of spermidine on the aggregation of ribosomal components 
is readily demonstrable, as described above this might well be 
an extension of the nonspecific interaction of these substances, 
which although of interest need not suggest any physiological 
event. A test was therefore made to determine if the process of 
bacterial disruption and extraction resulted in the nonspecific 
attachment of soluble polyamine to ribosomes. 

Bacteria, in a liter batch, were grown to about 4 < 10® per ml 
on uniformly labeled glucose-C', at 9670 c.p.m. per umole of 
carbon. These cells were harvested, ground with alumina, and 
extracted in 7 ml of 5 X 10-3 m Mgt+. The extract was sedi- 
mented to remove the ribosomes. The labeled supernatant 
fluid, containing radioactive polyamines, was then used to ex- 
tract ground cells which had been grown in an identical manner 
on unlabeled glucose. From this extract, ribosomes were pre- 
pared. Spermidine and putrescine were isolated by chromatog- 
raphy in isopropanol-HCl from both these ribosomes and from 
the supernatant fluid. The polyamines derived from the super- 
natant fluid were quite radioactive, possessing a specific activity 
about half that of the specific activity of the glucose used to 
grow the initially labeled cells. Thus spermidine and putrescine 
were 4670 and 4290 c.p.m. per umole of carbon, respectively. 
This dilution arises from the admixture with the unlabeled com- 
ponents of the nonisotopic cells. However, the polyamines of 
the ribosomes were essentially nonradioactive. Spermidine and 
putrescine were 326 and 353 c.p.m. per wmole of C respectively, 
after one chromatogram. Rechromatography of the putrescine 
in n-butanol-acetic acid-H,O (40:10:50) reduced the radioac- 
tivity of this substance to 20 c.p.m. per umole of C. These 
results indicate that these substances are attached to the ribo- 
somes prior to cell disruption and are not adsorbed in significant 
amount to the ribosomes after formation of the extract. 


DISCUSSION 


The presence of spermidine and putrescine in the ribosomal 
fraction had been presaged by their observed effects in affecting 
nucleic acid metabolism. Thus the polyamines of Hemophilus 
parainfluenzae were observed to precipitate as part of a nucleic 
acid complex (11) and these compounds, as well as spermine, 
inhibited RNA degradation in resting cultures (12). The dis- 
covery of the polyamines in association with the DNA’s of 
various phages (8) obviously suggests that these compounds may 
be associated with bacterial DNA as well. In general it may be 


imagined that in structures containing nucleic acid, Mg++, and 
the polyamines, particularly spermidine, not only act as cations 
in neutralizing anions, but also play a role in linking smaller 
units into larger polymeric aggregates. 

It may be suggested as a result of the experiments reported in 
this paper that Mg*+ and spermidine are the naturally occurring 
clasps on the complex ribosomal components existing in the 
bacterium. That the polyamines do indeed exist on the ribo- 
somes in the bacterium is suggested by the experiment demon- 
strating that a nonspecific adsorption of polyamine from the 
extract does not occur to a significant extent, and that ribosomal 
polyamine does not exchange readily. In addition, we have 
shown that in the absence of Mgt+ or of spermidine in the ex- 
tracting medium, the large component of 65 S appears to disso- 
ciate into the two smaller ribosomal fragments, 45 and 30 §, 
which are observed in water extracts (3). Addition of one or the 
other facilitates aggregation. Finally it appears that both Mgtt 
and spermidine function together, since as shown in Fig. 2 both 
together permit an aggregation considerably more extensive than 
that produced by either substance alone. Extraction, sedi- 
mentation, and resolution in the presence of the combined sub- 
stances does not give rise to components larger than 65 S nor 
smaller than 30 S. 

The further disruption of the ribosomes to components of 
under 30 S can frequently be seen in Mg** alone and can easily 
be produced by chelating agents (2). Wagman and Trawick 
(13) recently demonstrated that dialysis of 40 S particles resulted 
in the disruption of these ribosomes. They observed that a 
heat labile dialysable component served to inhibit such decom- 
position and noted that this component was not a metal. Con- 
ceivably the spermidine present in the ribosomal fraction may 
also be a part of this decomposition inhibitor. 


SUMMARY 


The polyamines, putrescine and spermidine, have been found 
in the ribosome fraction of Escherichia coli in amounts of about 
15% of the total polyamine of the bacterium. Putrescine is 
present in amounts several times greater than is spermidine. 
It has been shown that ribosomal polyamine is not derived from 
soluble polyamine present in an extracting medium, nor is it 
readily exchangeable. 

The addition of spermidine, but not putrescine, to buffer in 
the preparation of bacterial extracts preserves ribosomal com- 
ponents, which otherwise tend to decompose. This effect is also 
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Enzymes capable of hydrolyzing nucleic acids and oligonucleo- 
tides have been purified from a variety of materials (1). During 
a search for enzymes with specificities different from pancreatic 
ribonuclease, it was found that calf spleen contained several nu- 
cleases or diesterases which differed in heat stability, substrate 
specificity, metal requirements, and other properties (2). One 
of these enzymes has been purified by Kaplan and Heppel (3) 
and found to be similar to pancreatic ribonuclease in its speci- 
ficity and in being relatively heat stable. Another fraction was 
obtained which hydrolyzed RNA “core”! more rapidly than 
RNA. In the present investigation, this heat-labile fraction has 
been purified 200-fold and some of its properties have been stud- 
ied. The purified enzyme splits both purine and pyrimidine 
phosphodiester bonds of polyribonucleotides to form exclusively 
nucleoside 3’-phosphates without the intermediate formation of 
nucleoside 2’ ,3’-phosphates. Some of the specificity properties 
of this enzyme have been described in previous publications (4, 
5) that deal with observations on a less highly purified fraction. 


EXPERIMENTAL PROCEDURE 


Materials—RNA “‘core’”’ was prepared by exhaustive digestion 
of commercial yeast ribonucleic acid? with pancreatic ribonucle- 
ase. One liter of a solution containing 100 g of yeast sodium 
nucleate (Schwarz Laboratories, Inc.) adjusted to pH 7.5 was 
deproteinized by treatment with isoamy] alcohol and chloroform 
(6). Crystalline pancreatic ribonuclease (100 mg, Armour Lab- 
oratories) was added and the mixture was incubated at 24° until 
there was no further liberation of acid groups as measured by 
change of pH. During the incubation, sodium hydroxide was 
added to maintain pH 7.5. Aliquots of the digest were dialyzed 
against running distilled water at 3° for 72 hours. A white pow- 
der was obtained by lyophilizing the dialyzed solution. The 
powder was dissolved in water and adjusted to pH 7 for use as 
substrate in the assay. 

RNA for use as substrate was prepared by exhaustive dialysis 
of commercial yeast sodium nucleate against distilled water and 
by lyophilization as described above in the preparation of RNA 
“core.” DNA was obtained from Worthington Biochemical 
Corporation. 


1 The abbreviations used are: RNA “‘core,’’ nondialyzable prod- 
ucts from complete digestion of ribonucleic acid (RNA) by pan- 
creatic ribonuclease; EDTA, ethylenediaminetetraacetic acid; C- 
cyclic-p, cytidine 2’,3’-phosphate. 

? Commercial yeast RNA, which is partially degraded in the 
course of preparation, was used for convenience. Spleen phos- 
phodiesterase does hydrolyze highly polymerized RNA isolated 
from plant virus and yeast. Amino acid acceptor RNA is also a 
substrate (32). 


Nucleoside 2’ ,3’-phosphates of adenosine, cytidine, and uridine 
were synthetic products (7). Guanosine 2’,3’-phosphate was 
prepared by heating dialyzed ribonuclease digest of yeast RNA 
with excess barium carbonate at 100° for 1 hour, followed by 
chromatographic separation (8). 

Adenyly]-(2’-5’)-uridine* was synthesized chemically (9). 
Adenylyl-(3’-5’)-uridine was prepared by the action of phos- 
phomonoesterase on ApUp which was isolated from pancreatic 
ribonuclease digests of RNA by paper chromatography. The 
structure of these two compounds was confirmed by chemical 
and enzymic methods (9). 

The methyl and benzyl esters of N-methyl uridine 3’-phos- 
phate were synthetic compounds.‘ The dinucleotides, GpCp, 
GpUp, ApUp, and ApCp, were prepared by digestion of RNA 
with pancreatic ribonuclease and isolated by paper chromatog- 
raphy and paper electrophoresis (10). 

Phosphomonoesterase (10) was partially purified from human 
seminal plasma by treatment with protamine sulfate and two 
fractionations with ammonium sulfate. 

Methods—Assay of the enzyme during purification was based 
on the hydrolysis of RNA “core,” the limit polynucleotides 
formed by the exhaustive digestion of RNA by pancreatic ribo- 
nuclease (11). These oligonucleotides, whose composition varies 
(12, 13), consist of purine nucleotide residues and a terminal 
pyrimidine nucleotide residue having the phosphomonoester 
group on its 3’-hydroxyl group. As described above under “Ma- 
terials,” the RNA “core” used in this assay consisted of limit 
polynucleotides which do not diffuse through a membrane when 
dialyzed against distilled water. However, it is probable that 
these polynucleotides would pass through a cellophane mem- 
brane in the presence of high salt concentrations (13). 

In the routine assay, the reaction mixture (0.2 ml) contained 
10 pmoles of sodium succinate-hydrochloric acid buffer, pH 6.6, 
0.85 mg of RNA “core,” and enzyme. This mixture was incu- 
bated at 37° for 30 minutes, after which 0.2 ml of 2.5% perchloric 
acid containing 0.25% uranium acetate was added to stop the 
reaction. The tubes were kept on ice for 5 minutes, and a pre- 
cipitate was removed by centrifugation. Finally, 0.1 ml of the 
supernatant solution was diluted to 4.0 ml in water and the ab- 
sorbancy of the solution was determined in a Beckman model 
DU spectrophotometer at 260 mu. The experimental readings 
were corrected for a blank determined by incubating only the 
buffer and RNA “core.” Enzyme concentration could be varied 
over a wide range without affecting the proportionality of the 
rate of liberation of perchloric acid-uranium acetate-soluble, 


8 Kindly furnished by Dr. A. M. Michelson. 
‘ Kindly furnished by Dr. D. I. Magrath. 
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Fig. 1. Enzyme activity as a function of protein concentration. 
Assays were as described under ‘‘Methods.’’ The enzyme (Step 
7, 0.23 mg of protein per ml) had a specific activity of 42.5 


ultraviolet-absorbing material (Fig. 1). A unit of activity corre- 
sponds to the amount of enzyme necessary to cause a change in 
absorbancy at 260 my of 2.0 in the assay as described above. 
Specific activity is defined as units per mg of protein. 

With RNA as the substrate, the reaction mixture (0.2 ml), 
contained 15 wmoles of sodium acetate-acetic acid buffer, pH 
5.2, 2 umoles of MgCle, 1.4 mg of RNA, and enzyme. Other- 
wise the procedure was the same as described above for RNA 
“core.” 

Inorganic phosphate and total phosphate were determined 
according to the method of Fiske and SubbaRow (14). Protein 
determinations were routinely done according to the micro- 
method of Lowry et al. (15). 

Paper chromatograms were developed by descending solvent 
flow. The solvents used were those described by Markham and 
Smith (8): Solvent 1, isopropanol-water with ammonia in the 
vapor phase, and Solvent 2, ammonium sulfate-sodium acetate- 
isopropanol. Whatman No. 3MM filter paper was used with 
Solvent 1 and Whatman No. 1 with Solvent 2. 

For paper electrophoresis, an apparatus similar to that de- 
scribed by Markham and Smith (8) was used. The buffer was 
either 0.05 M ammonium formate-formic acid, pH 3.5, or 0.05 m 
phosphate, pH 7.4, and the potentials were 20 and 14 volts per 
cm, respectively. With either buffer the average run was for 2 
hours. 


RESULTS 


Purification of Enzyme 


Purification Procedure—Calf spleens were obtained from the 
slaughter house, cooled in ice, and used within 2 to 3 hours. All 
steps were carried out at 2° except as noted. With one exception, 
this procedure was interrupted at the end of each step and the 
preparation was stored at —15°. The acetone powder extract 
was prepared (Step 2) and fractionated (Step 3) on the same day. 
The final filtration in Step 3 was allowed to take place overnight. 

Step 1. Preparation of Acetone Powder—The outer capsular 


5 Due to the loss of activity during storage, the specific activity 
of the enzyme is less than that quoted in the purification (Table 
I). 
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layer was stripped off, and the spleen was cut into small pieces. 
One hundred grams of tissue, 200 ml of 17% sucrose, 100 g of 
finely crushed ice, and 100 ml of water were homogenized in a 
Waring Blendor for 2 minutes. Two kilograms of tissue were 
worked up in this manner. The homogenate was centrifuged 
for 10 minutes at 1300 X g. The turbid supernatant fluid (8800 
ml) was adjusted to pH 5.1 with 65 ml of 2 M acetic acid and 
centrifuged for 30 minutes at 1700 X g. After washing the pre- 
cipitate with a volume of 8.5% sucrose equal to that of the dis- 
carded supernatant solution, the precipitate was suspended in 5 
volumes of cold acetone (—10°) and homogenized in a Waring 
Blendor for 15 seconds. The suspension was filtered with suction 
and the precipitate was washed several times with cold acetone, 
forced through a 15-mesh screen, and dried at room temperature. 
The acetone powder (approximately 250 g) was stored at 2°. 

Step 2. Preparation of Acetone Powder Extract—The acetone 
powder, 140 g, was extracted with 2800 ml of 0.2 m sodium ace- 
tate-acetic acid buffer, pH 6.0, at 2° for 30 minutes. Buffer, 
1250 ml, was added to the acetone powder over a 15-minute 
period with constant stirring. The rest of the buffer was then 
added and the suspension was stirred occasionally during the 
remaining 15 minutes. Insoluble material was removed by 
centrifugation at 13,000 x g for 8 minutes. 

Step 3. Ammonium Sulfate Fractionation—After addition of 
466 g of ammonium sulfate to the acetone powder extract 
(2400 ml), the solution was adjusted to pH 4.9 with 140 ml of 2 
M acetic acid, and a further addition of 190 g of ammonium sul- 
fate was made. After 20 minutes, the suspension was filtered 
on several Schleicher and Shuell No. 588 folded filters and the 
precipitate was discarded. Ammonium sulfate, 427 g, was added 
to the filtrate, 2735 ml, and, after 30 minutes, the precipitate 
was collected on one 32-cm Schleicher and Shuell No. 588 folded 
filter paper and dissolved in 0.05 m acetate buffer, pH 6.0, to a 
volume of 350 ml. 

Step 4. Heating Step and Dialysis—The ammonium sulfate 
fraction was diluted with 0.5 volume of water. This solution 
(pH 5.2) was heated to 55° in 1 minute by using a boiling water 
bath, maintained at 55° for 5 minutes, and cooled rapidly. A 
precipitate which formed was removed by centrifuging at 
13,000 x g for 8 minutes. The supernatant solution was dia- 
lyzed against running distilled water (2°) for 7 hours with gentle 
agitation. A precipitate, which formed during the dialysis, was 
removed as above. 

Step 5. Ammonium Sulfate Fractionation—The supernatant 
solution (528 ml) was adjusted to pH 8.0 with 8.8 ml of 2m 
ammonium hydroxide. Saturated ammonium sulfate solution 
(854 ml), which contained ammonium hydroxide so that its pH 
was 8.0 when diluted 5-fold, was added slowly with constant 
agitation. After 20 minutes, the suspension was centrifuged for 
8 minutes at 13,000 x g. The precipitate was dissolved in 0.01 
M sodium succinate-hydrochloric acid buffer, pH 6.5. 

Step 6. Acetone Fractionation—The ammonium sulfate frac- 
tion (108.5 ml) was brought to pH 5.2 with 1.0 ml of 1 M acetic 
acid, and 2.2 ml of 2 m sodium acetate-acetic acid buffer, pH 5.2, 
were added to bring the concentration of acetate to 0.05 M. 
Chilled acetone (43 ml) was added over a period of 10 minutes 
with rapid stirring while the temperature of the solution was 
gradually lowered to —10°. After 10 minutes at —10°, the sus- 
pension was centrifuged at 2° for 5 minutes at 1400 x g and the 
precipitate was discarded. With the supernatant solution at 
—10°, 40 ml of acetone were added with stirring in 10 minutes. 
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After 10 minutes at —10°, the precipitate was collected as above 
and dissolved in 0.01 m sodium succinate-hydrochloric acid buffer, 
pH 6.5, to a volume of 48 ml. 

Step 7. Treatment with Aluminum Hydroxide Gel—The tur- 
bid acetone fraction was centrifuged for 7 minutes at 13,000 x 
g and the supernatant solution was brought to pH 4.8 with 1.0 
ml of 1 M acetic acid. Small aliquots of this solution were used 
to determine the amount of aged aluminum hydroxide gel Cy 
(16) needed to adsorb 90 to 95% of the activity. With a gel 
suspension containing 9.9 mg solids per ml, 0.6 volume was gen- 
erally used. After being thoroughly mixed, the suspension was 
centrifuged for 2 minutes at 13,000 x g and the supernatant 
solution was discarded. The precipitate was washed successively 
with water and 0.001 m sodium pyrophosphate-sodium hydroxide 
buffer, pH 8.5. The activity was then eluted with 0.01 m so- 
dium pyrophosphate-sodium hydroxide buffer, pH 8.5. The 
volume of solution used in each case was equal to that of the 
acetone fraction treated with the gel. The final solution was 
brought to pH 6.9 with 0.2 n HCl. 

This procedure, starting with the acetone powder extract, re- 
sulted in a 55-fold purification with an 8% over-all yield (Table 
I). The specific activity of the sucrose homogenate was 0.3 and 
therefore the total purification was 200-fold. 


Properties of the Enzyme 


Effect of pH—The purified enzyme has a pH optimum at 6.6 
in the absence of magnesium (Fig. 2, Curve A). In the presence 
of 0.02 m MgCl, (Fig. 2, Curve B) the optimal shifts to pH 5.8. 
This is in contrast to the spleen nuclease described by Maver and 
Greco (17) which has maximal activity at pH 6.5 in the absence 
of magnesium and pH 5.2 in the presence of magnesium. 

Activators and Inhibitors—Hydrolysis of RNA “core” by the 
purified enzyme is inhibited by metal ions such as Mg*+ and 
Mn**, and even more effectively by Cut++, Hg*+, and Zn++. The 
activity is not very sensitive to arsenite and fluoride. Of interest 
is the activation observed with ethylenediaminetetraacetic acid, 
sulfhydryl reagents, and bovine serum albumin (Table IT). 

Stability—The purified enzyme retained 80% of its activity 
for as long as 3 months when stored at —15° or 3°, or after lyo- 
philization and storage at 3°. After 1 year at —15°, at least 
50% of the original activity remains. The ammonium sulfate 








TABLE [I 
Purification of spleen phosphodiesterase 
Step Volume — Yield | Specific activity 
ml % units/mg protein 
1. Homogenate — = a 0.3 
2. Acetone powder extract 2400 | 13,700) 100 5 Re 
3. (NH,)2SO, fractionation, | 350 9,660) 70.5 3.0 
pH 4.9 
4. Heating and dialysis 546 5,590) 41 4.7 
5. (NH,4)2SO, fractionation, | 114 3,640} 27 16.0 
pH 8.0 
6. Acetone 48 2,620) 19 26.6 
7. Al(OH): gel Cy 47.5) 1,093] 8* 60.5 

















* Since, in addition to the spleen phosphodiesterase, the acetone 
powder extract contains several other enzymes capable of cleaving 
RNA “‘core’’ (2,17), this figure for the yield represents a minimal 
value. 
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fractions (Steps 3 and 5) are stable for at least 6 months at —15°. 
Fractions from Steps 4 and 6 lose activity rapidly even at —15°. 
When heated at 60°, the most highly purified preparations (Step 
7) are rapidly inactivated (Table ITI). 

Specificity—The purified enzyme has a wide range of speci- 
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Fic. 2. Enzyme activity as a function of pH. Assays were as 
described under ‘‘Methods” (Curve A), and with the addition of 
0.02 mM MgCl, (Curve B). The enzyme (Step 7, 0.23 mg of protein 
per ml) had a specific activity of 46. Buffers used at 0.05 m con- 
centrations were: A, A, acetate; O, @, succinate; 0, §§, phos- 
phate; \7, Veronal-acetate. 


TaBLe II 
Activation and inhibition 
Assays were as described under ‘“‘Methods’”’ with RNA ‘‘core’”’ 


and 1.4 wg of enzyme (Step 7, 0.23 mg of protein per ml, specific 
activity, 42). 








Addition | COP¢®M | activity Addition Concentration | Activity 
mM % mM % 
None — 100 | KCl 100 107 
MgCl: 20 66 | KCl 400 104 
MgCl 2 10 68 FeCl; 1 70 
MgCl: 1 92 | FeCl; 0.01 110 
CaCl: 10 63 | HgCl. 1 9 
CaCl. 1 92 | HgCl. 0.01 88 
MnCl. 10 43 ZnSO, 7 19 
MnCl, 1 81 ZnSO, 0.01 102 
CoCl: 10 31 | NaF 100 68 
CoCl. 1 77 | NaF 10 96 
CoCl, 0.1 92 | NaF 1 107 
CuCl, 10 0 | NaAsO, 10 0 
CuCl: 1 5 | NaAsOz 1 83 
CuCl, 0.1 53 | Glutathione 1 127 
CuCl, 0.01) 79 | Cysteine 1 117 
CdCl, 1 50 | EDTA 50 136 
CdCl, 0.01} 88 | EDTA 10 187 
NaCl 10 90 | EDTA 0.1 156 
NaCl 100 98 | EDTA 0.001 97 
NaCl 400 97 | Serum 0.5 (mg/ml) | 142 
albumin* 
NH.Cl 10 100 




















* Added (25 mg per ml) to enzyme solution before dilution for 
the assay. 
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TaBLeE III 
Effect of heating to 60° on the activity of spleen phosphodiesterase 


Assays were as described under “Methods.’’ Enzyme used had 
a specific activity of 44 (Step 7, 0.23 mg of protein per ml). 








Temperature Time pH Activity 
degrees min % 

0 60 4-4 100 

0 60 3.3 79 
60 5 <u 21 
60 10 YF 12 
60 20 wea 10 
60 5 3.3* 12 
60 10 3.3* 5 
60 20 3.3* 4 














* Solutions were at pH 3.3 for 1 hour; at 0° except for time of 
heating indicated. All were adjusted to pH 7.1 for assay and 
corrections were made for dilution due to pH adjustment. 


TaBLeE IV 

Rate of hydrolysis of RNA ‘‘core’’ and cytidine 2’ ,3’-phosphate 

Assays with RNA ‘“‘core’’ were as described under ‘‘Methods.”’ 
With C-cyclic-p, a mixture (0.1 ml) containing 2.5 umoles of so- 
dium succinate-hydrochloric acid buffer, pH 6.6, 1.1 umole of 
C-cyclic-p, and spleen phosphodiesterase (Step 3, 48.2 ug; Step 4, 
36.6 ug; Step 5, 55.5 ug; Step 6, 68.8 ug; Step 7, 26.6 ug) was incu- 
bated at 37° for 3 hours (Steps 3 and 4) or 7 hours (Steps 5, 6, and 
7). Then 0.1 ml of a solution containing 20 umoles of sodium 
acetate-acetic acid buffer, pH 5.2, 2 umoles of MgCle, and 46 units 
of phosphomonoesterase was added and the mixture was incubated 
for 10 minutes at 37°. The entire mixture was used for determina- 











tion of P;. One unit of activity with C-cyclic-p is equivalent to 
the formation of 1 umole of monoester phosphate per hour. 
Activity Ratio of activities, 
Enzyme fraction C-cyclic-p to 
RNA “‘core’”’ C-cyclic-p wwe 
units/ml 
Step 3 27.3 7.0 . 257 
Step 4 7.4 2.4 .324 
Step 5 19.8 0.76 .038 
Step 6 32.3 0.85 .026 
Step 7 17.4 0.37 .021 











ficity. It catalyzes the hydrolysis of RNA, RNA “core,” vari- 
ous dinucleotides such as ApUp and GpCp, alkyl esters of both 
purine and pyrimidine 3’-mononucleotides, and dinucleoside 
monophosphates. 

The action of the enzyme on two dinucleoside monophos- 
phates, adenylyl-(2’-5’)-uridine and adenylyl-(3’-5’)-uridine was 
studied. Spleen phosphodiesterase rapidly and completely hy- 
drolyzed adenylyl-(3’-5’)-uridine to adenosine 3’-phosphate and 
uridine but it was completely inactive on adenylyl-(2’-5’)-uridine. 

All the substrates mentioned thus far have contained only the 
purine and pyrimidine bases normally present in RNA. The 
specificity was also studied with N-methyl uridine 3’-benzyl 
phosphate and N-methyl uridine 3’-methyl phosphate. With an 
ammonium sulfate fraction (Step 5) each of these compounds was 
hydrolyzed to N-methy] uridine 3’-phosphate. 

Enzyme fractions from early steps in the purification of spleen 
phosphodiesterase were quite active in converting nucleoside 
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2’ ,3’-phosphates to 2’-mononucleotides. The purified enzyme ig 
nearly free of this activity, the rate being only 2% of the rate 
with RNA “core.” Since the ratio of the rate of hydrolysis of 
cyclic mononucleotides to the rate of splitting of RNA “core” is 
greatly reduced during the purification (Table IV), it is concluded 
that this activity is not associated with the spleen phosphodi- 
esterase. 

Hydrolysis of DNA by the purified enzyme was not detected 
by the assay used in this study (see ‘“Methods”’) or by the spec- 
trophotometric method of Kunitz (18). 


DISCUSSION 


The phosphodiesterase purified from calf spleen appears to 
hydrolyze all of the phosphodiester linkages in ribonucleic acids 
and synthetic nucleotide polymers to give a mixture of nucleoside 
3’-phosphates (4, 19). It can also catalyze certain exchange 
reactions (20,21). There seems to be no specificity with respect 
to the nitrogenous base, and one observes the hydrolysis of var- 
ious simple esters of both purine and pyrimidine nucleoside 3’- 
phosphates® (5). In addition, substitution in the pyrimidine 
base to give N-methyl uridine 3’-benzyl phosphate, which is not 
hydrolyzed by pancreatic ribonuclease,’ did not interfere with 
the action of the spleen enzyme. However, the enzyme does 
require that the doubly esterified phosphate group be linked to 
C-3’ of the nucleoside residue. Thus, there is no hydrolysis of 
benzyl esters of nucleoside 2’-, or 5’-, phosphates (5) nor is a 
compound such as adenylyl-(2’-5’)-uridine attacked. Also, it 
has been found that small polynucleotides having 5’-phospho- 
monoester groups are completely resistant to the action of spleen 
phosphodiesterase (22). 

Work of others (23-26) has established that polydeoxyribo- 
nucleotides having 3’-phosphomonoester end groups are split by 
the spleen diesterase to form deoxyribonucleoside 3’-phosphates. 
Oligodeoxyribonucleotides lacking monoester phosphates are 
similarly hydrolyzed by the enzyme (24, 27-30), but those having 
5’-phosphomonoester groups are resistant to this diesterase (24). 
Methylation of the monoester phosphate of thymidylyl-(3’-5’)- 
thymidine 3’-phosphate does not affect the action of this enzyme 
on the internucleotide bond (31). Further, in the case of thy- 
midine oligonucleotides, it has been shown (27) that the enzyme 
acts in a stepwise manner from the end bearing the 5’-hydroxyl 
group and liberates thymidine 3’-phosphate. 

Preparations obtained in the early stages of purification of the 
spleen diesterase were found to split nucleoside 2’ ,3’-phosphates 
to nucleoside 2’-phosphates. However, this activity is almost 
completely removed in the final steps of purification and is not 
considered to be associated with spleen phosphodiesterase. By 
contrast, Maver and Greco (17) have obtained a highly purified 
fraction from spleen which hydrolyzes RNA and also splits 2’ ,3’- 
cyclic phosphate bonds at a very rapid rate. Their enzyme prep- 
aration also differs from the spleen phosphodiesterase described 
here in that it hydrolyzes RNA 4 times more rapidly than RNA 
“core.” 


SUMMARY 


Purification of a phosphodiesterase from calf spleen is de- 
scribed. 
manner as to leave the monoesterified phosphate group at C-3’ 


¢W. E. Razzell and H. G. Khorana, personal communication. 
7D. I. Magrath and G. B. Brown, personal communication. 


It hydrolyzes secondary phosphate esters in such a 
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of the nucleoside risidue. Ribonucleic acid (RNA), RNA 
“eore,” oligonucleotides bearing a 3’-monoester phosphate, and 
oligonucleotides having no monoester phosphate groups are com- 
pletely degraded to 3’-mononucleotides. 

The purified enzyme is heat labile and has maximal activity 
at pH 6.6. No metals are required for activation. It has a 
wide range of specificity: phosphodiester compounds of both 
synthetic and biological origin are substrates. Hydrolysis occurs 
without the formation of nucleoside 2’ ,3’-phosphate interme- 
diates. 


Acknowledgment—The author wishes to thank Dr. Leon A. 
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The pyrimidine-deficient mutant (1298) of Neurospora crassa, 
utilizes orotic acid, uracil, uridine, or cytidine for growth, but 
neither cytosine nor thymine (1). It seems likely, therefore, 
that this mutant can convert orotic acid and uracil to the py- 
rimidine bases of ribonucleic acid and deoxyribonucleic acid, 
and can utilize the nucleoside directly for ribonucleic acid bio- 
synthesis and for conversion to deoxycytidine and thymidine of 
deoxyribonucleic acid. As the latter two nucleosides have not 
been studied before as possible growth supplements in pyrimi- 
dine-deficient Neurospora, it has not been determined previously 
whether these compounds might also function as sources of py- 
rimidine components for RNA, or for DNA, or for both types of 
nucleic acids. Recently, from experiments with uniformly 
labeled C™-cytidine in the pyrimidine-deficient Neurospora 
mutant 36601, McNutt (2) has demonstrated that this nucleoside 
is incorporated into RNA and is also converted to uridine, deoxy- 
cytidine, and thymidine. A surprising result, however, was that 
the specific activities of the nucleosides isolated from the re- 
covered RNA and DNA were only about 70% of that of the 
starting cytidine. It was concluded that this mutant has a 
considerable capacity for synthesizing the pyrimidine nucleosides, 
even though provided with an outside pyrimidine source. 

By studying the incorporation of uracil-2-C™ into the nucleic 
acids of the mutant 1298, it seemed possible to determine whether 
uracil utilization was the only pathway of pyrimidine biosynthe- 
sis in this organism, or whether some other pathway might also 
be involved. In the latter event the pyrimidine components of 
RNA and DNA would be expected to show decreased specific 
activities as compared to that of the initial uracil-2-C“. Simi- 
larly, if deoxycytidine or thymidine were utilized for DNA 
synthesis only, it should be possible to label RNA specifically 
with uracil-2-C™. 

In the present paper we have studied the availability of de- 
oxyuridine, deoxycytidine, and thymidine for growth of mutant 
1298, as well as the supplementary growth effects of the above 
nucleosides and of uridine and cytidine, in the presence of a 
minimal amount of uracil. The utilization of uracil-2-C™ for 
the formation of uracil, cytosine, thymine, adenine, and guanine, 


* Aided by research grants from the American Cancer Society 
(Grant No. E-31) and the National Heart Institute, National 
Institutes of Health, United States Public Health Service (Grant 
No. H-1938). The data presented are taken from a dissertation 
submitted by K. P. Chakraborty in partial fulfillment of the re- 
quirements for the degree of Doctor of Philosophy in Chemistry, 
Stanford University. 

t Present address, Department of Biochemistry, University of 
Texas, M. D. Anderson Hospital, Houston, Texas. 


of Neurospora nucleic acids was investigated both in the mutant 
and in the wild strain, and also in the mutant in the presence of 
uridine, deoxyuridine and thymidine. 


EXPERIMENTAL PROCEDURE 


Uridine, cytidine, deoxyuridine, deoxycytidine, and thymidine 
were purchased from the California Corporation for Biochemical 
Research, Los Angeles, California. Urea-C™ of 1 me of specific 
activity per mmole was obtained from Research Specialties Com- 
pany, Berkeley, California. 

Synthesis of Uracil-2-C'\—The synthesis of uracil-2-C™ by the 
method of Davidson and Baudisch (3) has been reported by 
Mandel and Brown (4). When this procedure was applied to 
small quantities of urea, e.g. 1 to 2 mmoles, no crystalline uracil 
could be recovered from the resulting sulfuric acid solution. 
By bringing the reaction mixture to about pH 5 with Dowex 2 
bicarbonate, it was possible to prepare twice-crystallized uracil- 
2-C™ of 1 me of specific activity per mmole in a yield of 46% 
of the theory from 2 mmoles of urea-C'. The modified proce- 
dure used was as follows. 

Fuming sulfuric acid (2 ml, 20% SOs3), was added gradually 
to a mixture of finely powdered urea-C“ and malic acid (120 
mg, 2 mmoles, and 320 mg, 2.4 mmoles, respectively, dried over 
CaCl, for 2 days at room temperature), in a small test tube. The 
tube was immersed in an ice-salt bath at about —5°, and the 
mixture was stirred mechanically for about 10 minutes. The 
temperature of the bath was allowed to rise slowly and main- 
tained at 80° for 45 minutes and finally at 100° for 10 minutes. 
The resulting strongly acidic solution was brought to about pH 
5 by treatment with Dowex 2 bicarbonate, and the solution 
concentrated under reduced pressure to a volume of 3 to 4 ml. 
After standing overnight in the refrigerator, the crystalline ura- 
cil, which separated, was filtered, recrystallized from a minimal 
volume of water with alcohol, and washed with a small quantity 
of alcohol and ether. The dried uracil-2-C“, which was snow- 
white in color, decomposed at 335°, and a mixture with known 
uracil showed no depression of the decomposition point. The 
ultraviolet absorption spectrum and behavior on paper chroma- 
tography were typical of uracil. 

Growth of N. crassa—The composition of the basal medium, 
unless otherwise stated, was the same as that described by Horo- 
witz and Beadle (5). The stock cultures of the wild strain and 
of the mutant 1298 were maintained on agar slants, with a sup- 
plement in the latter case of 5 mg of uracil per 10 ml of basal 
medium (1). Growth response of the various compounds and 
mixtures employed was determined as previously described (6) 
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from average dry weight of washed mycelium in triplicate ex- 
periments after incubation of the culture in 25 ml of medium at 
30° for 72 hours. 

Growth Effects of Deoxyuridine, Deoxycytidine, and Thymi- 
dine—The availability of deoxyuridine, deoxycytidine, and 
thymidine for growth of mutant 1298 was investigated over the 
concentration range from 0.05 mg to 2 mg per 10 ml of medium. 


) No mycelial growth resulted in 3 days in the presence of any one 


of these deoxynucleosides. 

Growth Effects of Uridine, Cytidine, Deoxyuridine, Deoxycyti- 
dine, and Thymidine in Presence of a Minimal Quantity of Ura- 
cil'—The ability of the compounds mentioned as possible 
growth supplements for the mutant was determined by using a 
culture medium containing 3 mg of uracil per 10 ml of medium. 
At this concentration of uracil small amounts of growth, e.g. 
10 to 15 mg of dried mycelium, were found in a 3-day period in 
the absence of other growth-promoting substances. The con- 
centration of the nucleosides ranged from 0.05 to 1.0 mg per 10 
ml of medium, and in order to provide a basis for comparison, 
the mutant was grown on the same concentrations of uridine 
and cytidine in the absence of uracil. The average mycelial 
weights found in triplicate experiments at the concentrations stud- 
ied are summarized in Table I. 

The stimulatory effects of uridine, cytidine, and deoxyuridine 
on growth in the presence of 3.0 mg of uracil per 10 ml of medium 
are similar, and maximal growth is obtained with 0.2 mg of each 
supplement. From a comparison of the amount of growth found 
on uridine and cytidine in the absence of uracil, and the failure 
of deoxyuridine and deoxycytidine alone to allow growth as 
mentioned before, it is clear that the supplementary effect of 
these nucleosides is not just an additive one. Deoxycytidine, 
even at a level at which maximal growth is found with uridine 
or cytidine alone, appears to have less stimulatory effect than 
the other nucleosides, and thymidine shows no enhancement of 
growth. 

Incorporation of Uracil-2-C4 into Nucleic Acids of Neurospora 
Mutant 1298 and of the Wild Type, 74A—In these experiments 
the Neurospora was grown in Fernbach flasks containing 400 ml 
of culture medium (6), supplemented with 200 mg of uracil-2-C™ 
(10 to 20 we per mmole) in the case of the mutant and with 4 mg 
for the wild strain. The flasks were inoculated in each case with 
2 to 3 ml of dilute conidial suspension and incubated for 3 days 
at 30°. At the uracil concentration mentioned for the mutant 
strain maximal or nearly maximal growth corresponding to about 
500 mg of dried mycelium was obtained. The wild strain grows 
normally on the basal medium in the absence of uracil and no 
additional growth was found in the presence of uracil in amounts 
from 0.1 to 5.0 mg per 10 ml of basal medium. 

At the end of the growth period the culture solution was 
decanted and the mycelial mat washed with ice-cold physiologi- 
cal salt solution made 0.01 m with sodium citrate. It was ground 
(7), and freed from acid-soluble components by washing at the 
centrifuge with 5% trichloroacetic acid and with alcohol and 
ether. The RNA and DNA in the dried mycelium were con- 
verted into acid-soluble components by two successive treat- 
ments with 5 ml of 0.5 n HCIO, at 90° for 1 hour, and the soluble 


1 In these experiments 19 g of ammonium tartrate per liter of 
medium were used rather than 5 g, as given by Horowitz and 
Beadle (7). 

2 Ultra-Violet Products Company, Inc., Model V-41. 
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TABLE I 
Growth of Neurospora mutant 1298 in the presence of 3.0 mg of 
uracil per 10 ml of medium supplemented with uridine, cytidine, 
deoxyuridine, deoxycytidine, and thymidine, and also in the 
presence of uridine and cytidine only 
Dry weights of mycelium after 3 days of growth at 30° are 
shown (average in milligrams of triplicate experiments). 



































Milligrams of Supplements used 
nucleosides oa am 
d 10 Uridine | Cytidine 
od carl Uridine | Cytidine Dowsy- OMe Rf 
0 9 13 14 9 12 0 0 
0.05 61 71 65 38 ll 7 7 
0.1 63 68 63 46 11 16 14 
0.2 73 72 72 55 12 27 25 
0.5 79 70 71 54 12 55 52 
1.0 79 76 62 51 12 78 73 
TaBLeE II 


Specific activities of the uracil used and of the uracil, cytosine 
thymine, adenine, and guanine recovered from the nucleic 
acids of Neurospora mutant 1298 (Experiments 1 and 
2), and of the wild strain, 74A (Experiment 8) 

The uracil concentrations used for the mutant and wild strain 
respectively were 5 mg and 0.1 mg per 10 ml of medium. 





























Counts per minute per umole X 1071 
Recovered bases 
Uracil 
used 
Uracil | Cytosine | Thymine|Adenine|Guani 
Experiment 1 
a. 329 285 258 322 3 30 
b. 298 278 295 46 12 
Cc. 241 246 347 
Experiment 2 
a. 444 454 373 453 5 10 
b. 472 492 447 20 
Mean relative spe- 92 86 99 5 5 
cific activity* 
Experiment 3 
a. 564 139 135 141 
b. 166 124 128 
c. 131 140 118 
Mean relative spe- 26 24 23 
cific activity* 























* Relative specific activity = 


¢.p.m. per umole of recovered base 





100. 
c.p.m. per umole of uracil used eg: 


fraction was converted to the free purine and pyrimidine bases 
by further heating at 100° for 1 hour after concentration of the 
HClO, solution to 6 to 7N. Perchlorate ion was removed as the 
potassium salt, and the purine and pyrimidine bases in aliquots 
of the resulting solution were separated and purified by paper 
chromatography in aqueous butanol (8), isopropanol-HCl (9) 
and ammoniacal butanol (10), in the order mentioned. The 
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Taste III 
Relative incorporation of uracil-2-C'* (3 mg per 10 ml) into the 
uracil, cytosine and thymine of the nucleic acids of Neurospora 
mutant 1298 in the presence of uridine, deoxyuridine, and 
thymidine 
Uracil concentration of medium, 3 mg per 10 ml. 























Specific Activity in Relative specific 
c.p.m. per wymole X 107) activit 
es imidine b: 
Milligrams of supplement per ‘ dasa 
8 é : 2/8 
q| 3/3 q/3|¢ 
5/5 /ale|s/s/é 
Uridine, 0.05°.............| 605 | 443 | 485 | 427 | 73 | 80 | 71 
Uridine, 1.0°..............] 784 | 225 | 218 | 248 | 29 | 28 | 32 
Deoxyuridine, 1.0°........| 675 | 554 | 595 | 287 | 82 | 88 | 43 
Tepmneme, 1,0°......6. 62. 458 | 411 | 314 | 362 | 90 | 69 | 79 
Thymidine, 1.0¢............ 458 | 408 | 428 | 403 | 89 | 94 | 88 


























* See Table II. 

+The numbers shown are the averages of experiments per- 
formed in triplicate. 

¢The numbers shown are the averages of experiments per- 
formed in duplicate. 

4 In this case 1.0 mg of thymidine was used as a supplement to 
medium containing 5.0 mg of uracil per 10 ml of solution. 


final products, which were eluted with water, gave characteristic 
absorption spectra in 0.1 Nn HCl. Their respective concentra- 
tions were measured by absorption spectrophotometry (11), and 
their radioactivity as counts per micromole was determined in 
comparison with that of the uracil employed by counting on alu- 
minum planchets in a Geiger-Miiller gas flow counter to a stand- 
ard error of +1%. The amount of uracil removed from the 
medium during mold growth was only a small percentage of that 
present originally for both the mutant and the wild strain. No 
attempt was made in any of the experiments to recover the purine 
and pyrimidine bases quantitatively. 

The results of the incorporation of uracil-2-C™ at two levels 
of radioactivity into the nucleic acids of mutant 1298 and of a 
comparable experiment with the wild strain are summarized in 
Table II. Although the specific activities of the recovered 
uracil and cytosine were somewhat low in the first experiment 
with the mutant strain, as compared to the uracil used, it is clear 
from the second experiment and the averages of all of the results 
found that the uracil, cytosine, and thymine of the nucleic acids 
have an activity per mole comparable to that of the uracil used. 
The mutant, accordingly, must utilize uracil per se for incorpora- 
tion into RNA and must also convert uracil into cytosine and 
thymine. 

Although the wild type organism grows normally on the basal 
medium without added uracil, it is also apparent from the data 
of Table II that it utilizes uracil for the biosynthesis of its nucleic 
acids when this compound is available in the basal medium. As 
shown by the specific activities of the recovered bases approxi- 
mately 75% of the uracil, cytosine, and thymine of the nucleic 
acids is synthesized de novo and only about 25% originates in the 
uracil-2-C™ supplied. The fact that the specific activities of 
uracil, cytosine, and thymine are comparable to one another in 
both the mutant and the wild strain indicates that uracil utiliza- 
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tion for RNA- and DNA-pyrimidine biosynthesis in both cages 
follows the same pathways. 

Samples of guanine and adenine isolated from the nucleic acids 
in both types of Neurospora and examined for radioactivity 
showed an insignificant utilization of carbon 2 of uracil for purine 
biosynthesis. 

Incorporation of Uracil-2-C% into Nucleic Acids of Mutan 
Strain in Presence of Uridine, Deoryuridine, and Thymidine 
The incorporation of uracil-2-C™ into the nucleic acids of the 
mutant strain was studied in the presence of relatively smal] 
and relatively large amounts of uridine, e.g. 0.05 mg and 1.0 mg, 
respectively, per 10 ml of medium containing 3 mg of uracil, 
Under the former condition, as shown in Table I, a large stimu- 
latory effect on growth was found, whereas in the latter cage 
maximal growth was obtained even in the absence of uracil, 
Amounts of deoxyuridine and of thymidine corresponding to 1 
mg per 10 ml of medium containing 3 mg of uracil were also used, 
and in addition one experiment with thymidine was performed 
in which 5 mg of uracil were present per 10 ml of medium. The 
method of culture, hydrolysis of the nucleic acids, fractionation 
of the bases, and determination of their specific activities were 
the same as previously described. The average results of trip- 
licate experiments for uridine and deoxyuridine, and of duplicate 
experiments for thymidine, are summarized in Table III. 

The results of the experiments with both uridine and uracil 
present in the medium show a definite incorporation of uracil-2- 
C™ into the three pyrimidine components of the nucleic acids 
under the conditions studied. The extent of incorporation of 
uracil at a uridine concentration of 0.05 mg per 10 ml is probably 
significantly less than in the experiments in which uracil-2-C" 
was the only growth supplement present, although the differ- 
ences in the case of cytosine are relatively small. At the higher 
uridine concentration, e.g. 1.0 mg per 10 ml of medium and a 
molar ratio to uracil of 1 to 6.6, the results are more striking as 
the specific activities of the recovered pyrimidine bases decreases 
to about 30% of that of the starting uracil, representing an 
incorporation of approximately 3 molecules of uridine for every 
1 of uracil. The specific activities of the recovered uracil, 
cytosine and thymine are apparently comparable to one another 
at each uridine concentration. 

The specific activity of thymine is quite appreciably lowered 
in the presence of deoxyuridine, whereas that of uracil and of 
cytosine, within the limits of experimental error, are comparable 
to each other and to that of the uracil used. The lowering of 
the specific activity of thymine indicates that deoxyuridine is 
utilized for DNA-pyrimidine biosynthesis, but not to any sig- 
nificant extent for the synthesis of the RNA-pyrimidine compo- 
nents. These results thus provide an explanation for the failure 
of deoxyuridine alone to support growth in contrast to its sup- 
plementary growth effect when provided together with uracil. 

In the experiments with thymidine in a medium supplemented 
with 5 mg of uracil per 10 ml, the specific activities of uracil, 
cytosine, and thymine are close to 100% that of the initial uracil. 
These results indicate, in agreement with the growth studies, 
that thymidine is not utilized for DNA synthesis. The low 
specific activity of the cytosine at a uracil level of 3 mg per 10 
ml of medium is probably explained by the small yield of myce- 
lium produced under these conditions and the recovery of a less 
pure product. 

In each of the above-mentioned experiments one or two sam- 
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ples of the adenine fraction were checked for radioactivity. No 
significant amount of radioactivity was found. 


DISCUSSION 


The incorporation of uracil-2-C“ with unchanged specific 
activity into the uracil, cytosine, and thymine of the nucleic 
acids of the Neurospora mutant 1298 proves the utilization of 
this compound for both RNA- and DNA-pyrimidine biosynthesis 
in this organism. The results also show that uracil utilization is 
the only pathway of RNA- and DNA-pyrimidine biosynthesis 
in this mutant in the presence of uracil, and are similar, there- 
fore, to the utilization of uracil-2-C“ by the pyrimidine-deficient 
Escherichia coli mutant 63-86 (12). In both organisms, and 
possibly contrary to the Neurospora mutant 36601 studied by 
MeNutt (2), it appears that no alternative pathway of pyrimi- 
dine biosynthesis is available when uracil is used as the growth 
supplement. As cytidine rather than uracil was used as the 
pyrimidine supplement by McNutt, the differences found for 


| the two Neurospora mutants may be explained by differences 


in nucleic acid biosynthesis when different precursors are pro- 
vided, or alternatively by specific metabolic differences between 
the two mutants. 

Because uracil-2-C™ is also incorporated into the nucleic acids 
of the wild strain when it is present in the medium, it is clear 
that both “salvage” and de novo pathways of pyrimidine biosyn- 
thesis (13) are present in the wild strain and that the metabolic 
block in the present mutant involves synthesis de novo. It seems 
probable, by analogy with EZ. coli and some lactic acid bacteria, 
that uracil may be utilized either by direct synthesis of uridine 
5'-phosphate through the action of a uracil-phosphoribosy|- 
pyrophosphate pyrophosphorylase, or by conversion to uridine 
by a uridine phosphorylase in the presence of ribose 1-phosphate, 
followed by phosphorylation (13-16). 

As shown previously (1) and confirmed in the present experi- 
ments with the mutant strain, uridine and cytidine are much 
more efficiently utilized for growth than is uracil. Similarly, in 
the presence of small amounts of nonradioactive uridine together 
with uracil-2-C“, the radioactivities of the recovered uracil, 
cytosine, and thymine are greatly reduced but are comparable 
to each other. A common intermediate, probably uridine or its 
nucleotide, is thus indicated for both RNA- and DNA-pyrimi- 
dine biosynthesis in the mutant strain. As a similar uniform 
distribution of radioactivity was found for the wild type Neu- 
rospora and the mutant 36601, it seems likely that the same 
common intermediate is involved in these strains of Neurospora 
and possibly in all strains. 

Deoxyuridine and deoxycytidine, unlike the corresponding 
ribonucleosides, fails to support growth of the mutant, but it is 
clear from the experiments with the two compounds in the pres- 
ence of a minimal quantity of uracil that both are utilized for 
growth under these conditions. A logical interpretation of these 
results is that both deoxy compounds are available for DNA but 
not for RNA biosynthesis. This conclusion is confirmed by the 
relative specific activities of the recovered uracil and thymine 
when both deoxyuridine and uracil-2-C™ are present as growth 
supplements. The recovered thymine under these conditions, 
as shown in Table III, contains only about 42% of the radio- 
activity of the original uracil-2-C™, as compared to about 82% 
for the recovered uracil. The utilization of deoxyuridine for 
thymine biosynthesis in Neurospora accordingly is in agreement 
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with previous studies with suspensions of chick embryo (17), 
with the whole rat (18), with rat (19) or rabbit (20) thymus 
homogenates, with mouse Ehrlich ascites tumor and rabbit 
bone marrow (21), and with extracts of E. coli (22). If the 
conversion of uridine (or a corresponding nucleotide) to DNA- 
thymine occurs by reduction to deoxyuridine (or a corresponding 
nucleotide), followed by methylation, it is clear that the first 
reaction is largely an irreversible one. 

In the experiments with uracil-2-C“ and deoxyuridine, the 
specific activity of the recovered cytosine is comparable to that 
of the recovered uracil rather than of the recovered thymine. 
Since DNA and RNA were not separated before hydrolysis to 
the free bases, the relative specific activities of the DNA- and 
RNA-cytosine are not known but would necessarily depend on 
the relative amounts of the two nucleic acids in Neurospora 
mycelium. Determination of RNA- and DNA-phosphorus in 
dried mycelium by the Schmidt and Thannhauser procedure (23) 
gave values of 0.5 and 0.06%, respectively (24). It is apparent, 
therefore, that about 8 times as much of the recovered cytosine 
was formed from RNA as from DNA, and accordingly would be 
more characteristic of RNA- rather than DNA-cytosine. 

The failure of thymidine either to increase growth in the 
presence of uracil or to decrease the radioactivity of the thymine 
recovered from the mutant grown in the presence of uracil-2-C™ 
and thymidine shows that this nucleoside is not available for 
DNA biosynthesis and consequently that methylation does not 
occur at the nucleoside level in thymine biosynthesis in this or- 
ganism. A similar conclusion with respect to thymidine utiliza- 
tion has also been reported in E. coli B (25). However, the di- 
rect incorporation of thymidine into DNA-thymine has been 
reported in the intact rat (18, 26), in rat liver homogenate (27), 
in embryonic tissue (28), in bone marrow and isolated thymus 
nuclei (29), and in EZ. coli (30-32). As a specific kinase appears 
to be involved in thymidine utilization in E. coli (13), it seems 
that the comparable enzyme is lacking in Neurospora mutants 
1298 and in E. coli B. 


SUMMARY 


A modification of the method of Davidson and Baudisch is 
described for the synthesis of millimolar quantities of uracil-2- 
C* with the same specific activity as that of the urea used. 

Although deoxyuridine and deoxycytidine do not support 
growth of the Neurospora mutant 1298 when either is provided 
as the sole pyrimidine supplement, each compound stimulates 
growth in the presence of a minimal quantity of uracil. Thymi- 
dine per se neither supports growth nor produces enhancement 
of growth in the presence of uracil. 

The results of the incorporation of uracil-2-C™ into the nucleic 
acids of the Neurospora mutant 1298 prove that this compound 
can serve as a precursor of all the common pyrimidine compo- 
nents of the nucleic acids. Uridine decreases the incorporation 
of uracil uniformly into the pyrimidine components and this 
incorporation is unaffected by thymidine. Deoxyuridine, on the 
contrary, decreases incorporation of uracil into the deoxyribo- 
nucleic acid-thymine only. 

The partial incorporation of uracil-2-C™ into the nucleic acids 
of the wild strain, 74A, shows that both de novo and “salvage” 
pathways of pyrimidine biosynthesis are available in this case. 
It seems clear that it is pyrimidine biosynthesis de novo that is 
blocked in the mutant. 
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It has been reported (1) and confirmed (2) that the production 
of uroporphyrin III from porphobilinogen, either by heating in 
acid solution or enzymatically by hemolyzed avian erythrocytes, 
is accompanied by the formation of formaldehyde from the 
aminomethyl group of the pyrrole. These observations have 
been cited as evidence in support of two hypotheses on the 
mechanism of uroporphyrin III formation (1, 2). The hypoth- 
esis of Shemin et al. (1) requires the accumulation of 1 mole of 
formaldehyde per mole of uroporphyrin III formed. The avail- 
ability of purified enzyme preparations which catalyze the for- 
mation of uroporphyrinogen I or III from porphobilinogen (3, 
4) has permitted a quantitative investigation of formaldehyde 
accumulation during the enzymatic synthesis of these porphyrin- 
ogens; under these conditions interpretation of the results is 
least complicated by possible side reactions. Furthermore, a 
comparison of formaldehyde accumulation during the enzymatic 
formation of the I and III isomers of uroporphyrin should pro- 
vide evidence regarding the involvement of formaldehyde spe- 
cifically in synthesis of the ITI isomer. 

In addition, it has been reported (3) that formaldehyde ac- 
celerates the nonenzymatic synthesis of porphyrins from por- 
phobilinogen although it appears to inhibit the enzymatic reac- 
tions. Some of the present investigations were designed to 
determine whether formaldehyde can be a reactant in the forma- 
tion of porphyrins from porphobilinogen. This information is 
also pertinent to an evaluation of a proposal by Treibs and Ott 
(5) and the hypothesis of Cookson and Rimington (6); both of 
these suggestions require the liberation of formaldehyde from 
the aminomethy] group of porphobilinogen and the subsequent 
utilization of this formaldehyde for the formation of uropor- 
phyrinogen III. 

The data presented here indicate that formaldehyde is neither 
a stoichiometric by-product of the enzymatic formation of uro- 
porphyrinogen III from porphobilinogen nor a reactant in this 
process. 


* This work was supported by grants from the National Science 
Foundation and from the National Institute of Arthritis and 
Metabolic Diseases, United States Public Health Service (A-1010). 
It was also supported in part by Wallace C. and Clara A. Abbott 
Memorial Fund of the University of Chicago. 

t Present address, Department of Chemical Pathology, St. 
Mary’s Hospital Medical School, London W.2, England. 


METHODS 


The procedures used for the estimation of porphyrins and 
PBG! have been described (3). Labeled PBG was prepared from 
5-aminolevulinic acid-5-C™ by incubation with a purified frac- 
tion from chicken blood essentially according to the method of 
Schmid and Shemin (7). 

Radioactivity incorporated into uroporphyrin was determined 
by counting the uroporphyrin octamethy] esters at infinite thin- 
ness in a gas flow counter. Porphyrins were recovered from 
reaction mixtures and converted to the methy] esters as described 
previously (3). 

Some of the experiments described here were performed with 
the use of wheat germ uroporphyrinogen III cosynthetase (uro- 
porphyrinogen isomerase) Fraction C (4) or PBG deaminase 
Fraction H 30-50, or both (3); in other experiments more highly 
purified preparations of these enzymes were used. 

An example of the procedure, carried out at 0-4°, for obtaining 
PBG deaminase Fraction L from Fraction H 30-50 follows: 7 ml 
of 0.2 m pH 8 phosphate buffer containing 17.65 mg of Fraction 
H 30-50 protein were mixed with 64 mg of charcoal? (the charcoal 
is weighed dry and then moistened with water and centrifuged 
before use). After 30 minutes the suspension was centrifuged 
and the supernatant fluid recovered. Ninety milligrams of 
moist Dowex 1-chloride (4% cross-linked) were mixed with this 
fluid and after 30 minutes the suspension was centrifuged. The 
supernatant fluid was removed and its pH adjusted to 5 with 
acetic acid. This was mixed with 18 mg of C y gel (8). The 
supernatant fluid obtained after centrifuging this suspension was 
dialyzed against distilled water for 5 hours and stored at —20° 
until used. The best preparations of this fraction, Fraction L, 
catalyzed the consumption of 1.73 umoles of PBG per ml per 
hour per mg of protein. 

The following is an example of the procedure, also carried out 
at 0-4°, for the preparation of Fraction C-2 from wheat germ 
uroporphyrinogen III cosynthetase Fraction C: A solution con- 
taining 3.96 g of Fraction C protein in 73 ml of 0.29 m, pH 8 
phosphate buffer was mixed with 22 g of charcoal.? After 30 
minutes the suspension was centrifuged and the supernatant 


1 The abbreviations used are: PBG, porphobilinogen; EDTA, 
ethylenediaminetetraacetic acid. 

? Darco G-60, Mathison, Coleman, and Bell, Inc., East Ruther- 
ford, New Jersey. 
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TABLE [ 


Formaldehyde accumulation during enzymatic 
synthesis of uroporphyrinogens 








tg d| PBG-C™ | Uropor- 
Eaperiment ey — Corrine methylene eiving cee to phyrin 
‘ : D 2 , isom: 
. period | added methone calculated |produced* 
| panes hrs umoles Sai 
3 | 147.3 | 7 | 5.0 | 1.247 | 1.84% | I 
1l¢ | 126.8 2 3.5 0.881 1.50% I 
44 147.3 7 5.0 2.620 4.00% III 
10¢ 126.8 2 3.5 0.455 0.75% Ill 




















* Based on paper chromatography of the octamethy] esters (9). 

6 The reaction mixture contained in 10 ml: PBG deaminase 
(2.41 mg of protein, Fraction L); 1 mmole of Tris buffer, pH 8.2; 
0.033 mmole of EDTA; and 4.7 umoles of C'4-PBG. Incubated 
anaerobically at 37°. 

¢ The reaction mixture contained in 7 ml: PBG deaminase (4.05 
mg of protein, Fraction L); 0.53 mmole of Tris buffer, pH 8.2; 
0.035 mmole of EDTA; and 3.37 umoles of PBG-C'*. Incubated 
anaerobically at 37°. 

4The reaction mixture and incubation conditions were the 
same as those in Experiment 3 except that uroporphyrinogen 
III cosynthetase (84.4 mg of protein, Fraction C-2) was included. 

¢ The reaction mixture and incubation conditions were the same 
as those in Experiment 11 except that uroporphyrinogen III cosyn- 
thetase (77.7 mg of protein, Fraction C-2) was included. 


TABLE II 
Incorporation of formaldehyde-C'4 into uroporphyrins 





Initial concentration Uropor- | Incuba- 
C“H20| phyrin tion 


PBG C4H:O produced} period 











pmoles/| wmoles/ | c.p.m./| c.p.m./ 
ml ml mumole| mymole 














Nonenzymatic: Incubated 
at 80°; 0.1 M, pH 8.2 Tris 
buffer 
A 0.435) 1.04 204 256 10 
2. 0.438) 0.63 204 160 10 
Enzymatic 
Enzymes 
3.¢ PBG deaminase 0.501) 0.975 | 979 3 120 
4. PBG deaminase 0.505) 0.350 | 979 0 120 
5.6 PBG deaminase 0.495) 0.975 | 979 1 120 
U III-co8 
6.¢ PBG deaminase 0.430} 1.00 204 8 150 
U III-co8 
7.4 PBG deaminase 0.425) 1.00 204 ll 150 
U III-co8 


* Reaction mixture: PBG deaminase (2.1 mg of protein, Frac- 
tion H 30-50); 0.41 mmole of Tris, pH 8.2; 0.02 mmole of EDTA; 
0.24 mmole of cysteine; C'4-formaldehyde; and PBG. Total vol- 
ume 6 ml. Incubated anaerobically at 37°. 

+ Reaction mixture: As in 3 and 4 but contained, in addition, 
uroporphyrinogen III cosynthetase (U III-co%) (45 mg of protein, 
Fraction C-2). 

¢ Reaction mixture: PBG deaminase (0.42 mg of protein, Frac- 
tion H 30-50); uroporphyrinogen III cosynthetase (24.6 mg of 
protein, Fraction C); 0.30 mmole of Tris, pH 8.2; 0.01 mmole of 
EDTA; 600 ug of tetrahydrofolic acid; PBG; and formaldehyde. 
Total volume 3 ml. Incubated anaerobically at 37°. 

4 Reaction mixture: As in 6 but tetrahydrofolic acid omitted. 
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fluid collected. This fluid was mixed with 23.8 g of Dowex 
1-chloride (4% cross-linked) and after 30 minutes the Dowex 
was removed by centrifugation, the supernatant fluid was col- 
lected and dialyzed against distilled water for 5 hours, and the 
preparation (Fraction C-2) was stored at —20° until used. 


EXPERIMENTAL PROCEDURE AND DISCUSSION 


Quantitative Estimation of Formaldehyde Liberated during En- 
zymatic Conversion of PBG to Uroporphyrinogens—C™-Labeled 
PBG was incubated anaerobically with either a PBG deaminase 
preparation or with both this enzyme and uroporphyrinogen 
III cosynthetase (2, 3). After the PBG had been consumed, a 
measured volume of the reaction mixture was removed and to it 
were added carrier C!-formaldehyde and an excess of saturated 
aqueous dimedon solution. The pH was adjusted to 4.5 and 
the mixture set aside. The precipitate which formed overnight 
was collected, extracted with warm methanol, the methanolic 
solution was concentrated to approximately 0.1 ml, and the 
methylene bis-methone was precipitated by the addition of 1 
ml of water. The methylene bis-methone was collected by 
filtration and dissolved in methanol. Methanolic solutions of 
the bis-methone have a sharp absorption band with a maximum 
at 261 my and obey Beer’s Law at this wave length. Quantita- 
tive measurement of the methylene bis-methone was carried 
out by determining the optical density of the methanolic solu- 
tion at 261 my (¢ (261 mu) = 2.62 x 104). The methylene bis- 
methone was counted at infinite thinness in a windowless flow 
counter (efficiency 39%). After recrystallization of the methy]l- 
ene bis-methone from methanol-water its specific activity was 
found to be unchanged. From a knowledge of the specific ac- 
tivity of the methylene bis-methone, the specific activity of the 
PBG, and the amount of carrier formaldehyde added, the 
amount of formaldehyde formed from the aminomethyl group 
could be determined. Details of the reactions are summarized 
in Table I. 

It was considered desirable to check the possibility that form- 
aldehyde, formed from the aminomethyl group of PBG, might 
couple with enzyme protein and thus appreciably reduce the 
amount of formaldehyde recovered. Accordingly control ex- 
periments were carried out in which 1 wmole of C'-formaldehyde 
was incubated with the PBG deaminase preparation or with 
both this enzyme and uroporphyrinogen III cosynthetase; PBG 
was not included in these reaction mixtures. Recovery of formal- 
dehyde was 92% in the first case and 89% in the second case. 
The hypothesis of Shemin et al. (1) for the biosynthesis of uro- 
porphyrin III requires that 20% of the PBG used in the reaction 
should give rise to formaldehyde. In our experiments, the for- 
maldehyde lost by interaction with protein would reduce the 
amount predicted to be recovered from 20% to 18%; much less 
than this was found (Table I). The possibility that the formal- 
dehyde produced from PBG in the above experiments arose non- 
enzymatically is suggested by the following experiments. 

Quantitative Estimation of Formaldehyde Liberated during Con- 
version of PBG to Uroporphyrin in Heating under Acid Condi- 
tions—To a solution of 1.60 umoles of C4-PBG in 20 ml of 0.01 
M phosphate buffer, pH 7.6, was added sufficient concentrated 
hydrochloric acid to give a final concentration of 0.2 nN. After 
boiling for 15 minutes, the solution was cooled, 7.5 umoles of 
carrier C-formaldehyde were added, and the pH was immedi- 
ately adjusted to 4.5. The methylene bis-methone was isolated 
and recrystallized twice; it was found to have 1020 c.p.m. per 
umole. Since the C'-PBG used had a specific activity of 
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126,800 c.p.m. per umole, it appears that the formaldehyde 
arose from the aminomethy] group of 8% of the PBG used. 

In our hands the yield of porphyrin in experiments of this 
kind is approximately 30 to 37%. 

Studies on Incorporation of Formaldehyde into Uroporphyrins— 
The incorporation of C from C“-formaldehyde into uroporphy- 
rin during its enzymatic and nonenzymatic formation from 
PBG was investigated. Formaldehyde has been shown to 
inhibit the enzymatic synthesis of uroporphyrin from PBG and 
to accelerate the nonenzymatic synthesis (3). 

Data on the incorporation of C“ from C-formaldehyde into 
uroporphyrin formed upon heating PBG solutions at 80° are 
presented in Table II; these findings are in general agreement 
with the earlier report of Mauzerall and Granick (10). The 
maximum yield of porphyrin obtained in nonenzymatic experi- 
ments of this type was approximately 14%. In contrast to the 
marked incorporation of formaldehyde carbon during nonenzy- 
matic synthesis of uroporphyrin III, insignificant amounts, prob- 
ably attributable to nonenyzmatic synthesis alone, were detected 
in uroporphyrins formed enzymatically. Examples of results ob- 
tained in some of these experiments are also given in Table II. 
The addition of up to 200 wg per ml of tetrahydrofolic acid, 
prepared from folic acid by the method of Rabinowitz and 
Pricer (11), to enzymatic reaction mixtures had no effect on the 
incorporation of formaldehyde carbon. Also, tetrahydrofolic 
acid, with or without added formaldehyde, could not substitute 
for uroporphyrinogen III cosynthetase preparation in catalyzing 
the formation of uroporphyrinogen III from PBG in the presence 
of PBG deaminase. 

These data indicate that (a) during the enzymatic synthesis 
of either uroporphyrinogen I or ILI, carbon at the level of form- 
aldehyde is not formed from the aminomethyl group of PBG, 
liberated into the reaction mixture, and then taken up and 
incorporated into porphyrin, and (6) that essentially no exchange 
of carbon occurs between formaldehyde in the medium and any 
intermediates. 

Numerous hypotheses have been proposed regarding the 
mechanism of the enzymatic formation of uroporphyrin III 
from PBG (e.g. 1, 6, 12-15). At present the only hypotheses 
which are still not wholly excluded are those which have not yet 
been tested experimentally. The data in the present paper ap- 
pear to exclude formaldehyde as a product or reactant in the 
enzymatic synthesis; however, its participation in catalytic 
amounts is not excluded. 


L. Bogorad and G. S. Marks 
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SUMMARY 


1. The production of formaldehyde from the aminomethyl 
group of porphobilinogen during the nonenzymatic synthesis of 
uroporphyrins has been confirmed. 

2. Formaldehyde carbon is readily incorporated into uropor- 
phyrin during the nonenzymatic synthesis from porphobilinogen, 
as has been reported earlier, but it is not incorporated during 
the enzymatic synthesis from the pyrrole. 

3. With the use of partially purified enzyme preparations, it 
has been found that only small amounts of formaldehyde are 
produced from the aminomethy] group of porphobilinogen during 
the synthesis of either uroporphyrinogen I or III; these amounts 
might be accounted for by nonenzymatic reactions. 


Acknowledgment—We are indebted to Mr. Charles Kung for 
the conscientious application of his technical skill in many of 
these experiments. 
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The mechanism by which the ingestion of carbon tetrachloride 
results in distinct and reproducible histological alterations of 
the liver has been investigated intensively, both in vivo and 
in vitro (3-11). The mitochondria of liver cells are particularly 
vulnerable to this lipid solvent, as shown by their increased 
permeability (3), decreased coenzyme content (7, 8), and the 
loss of their ability to oxidize substrates (8) and to carry out 
esterifications of high energy phosphate coupled with oxidation 
(9). 

In a series of investigations on the mechanism of carbon 
tetrachloride poisoning in the liver of the rat, a specific and 
characteristic chemical lesion involving alkali metals and alka- 
line earths has been detected. Large increases in calcium and 
concomitant decreases in potassium are found reproducibly in 
liver mitochondria obtained from rats to which this agent was 
administered. Both in vivo and in vitro, these compositional 
changes correlate with alterations of the oxidative function of 
mitochondria. The present paper reports on the time courses 
of these abnormalities in metal content after the administration 
of toxic quantities of carbon tetrachloride to rats. 


METHODS 


Healthy young male rats (Hisaw strain, Harvard Biological 
Laboratories), weighing between 150 and 250 g, were maintained 
on a diet of Purina chow and water ad libitum. All rats were 
fasted 16 hours before being killed. A single dose of 0.25 ml of 
carbon tetrachloride (analytical grade) per 100 g of body weight 
was administered in 0.25 ml of mineral oil per 100 g of body 
weight through a polyethylene stomach tube. A number of ani- 
mals were killed at 0, 2, 4, 8, 12, 16, 24, 32, 40, 56, 72, 96, and 120 
hours after administration of the agent. Controls were fed 0.25 
ml of mineral oil per 100 g of body weight and killed at 0, 16, and 
40 hours. The animals were decapitated and exsanguinated, 
their livers perfused through the hepatic vein with ice-cold 0.25 
M sucrose, and fractionated by the method of Hogeboom et al. 
(12) modified as previously described to avoid contamination 
with metals (13). The subcellular fractions were stored at —16° 
in metal-free polyethylene bottles before analysis. 


* This investigation was supported by the Howard Hughes 
Medical Institute and by a grant-in-aid from the National Insti- 
tutes of Health of the Department of Health, Education and 
Welfare, Grant No. 3117(C). Preliminary reports have been 
presented of these studies and of connected subsequent work 
in preparation for publication (1, 2). 
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Residual potassium, calcium, and magnesium content of mito- 
chondria was determined after three successive suspensions and 
centrifugations of samples of mitochondria in fresh aliquots of 
0.25 m sucrose; aliquots of both the mitochondria and the super- 
natant fluid were analyzed for these three elements after each 
centrifugation. 

To measure lipid-bound metals, suspensions of mitochondria 
in 0.25 m sucrose were extracted successively five times either 
with 3 volumes of carbon tetrachloride, 20 volumes of 2:1 chloro- 
form-methanol, or 20 volumes of 1:1 ethanol-diethylether. 
Fresh aliquots were homogenized with one of these lipid solvents 
for 1 minute, in a motor-driven Potter-Elvehjem glass homoge- 
nizer; the suspension was centrifuged, and the lipid solvent phase 
was removed. Pooled lipid solvent phases were evaporated to 
dryness and analyzed for their metal content. 

For one experiment, reserves of body fat were depleted by 
placing rats on a diet of only 3 to 5 g of Purina chow daily with 
water ad libitum. Within 14 days these animals lost 30 to 40% 
of their initial body weight. 

Aliquots of the mitochondrial fractions obtained from each rat 
liver were analyzed for sodium, potassium, magnesium, and cal- 
cium by flame spectrometry (14). All subcellular fractions ob- 
tained from pooled livers of rats killed at 16 and 40 hours were 
also analyzed for magnesium, calcium, iron, zinc, and manganese 
by spark spectroscopy, and for sodium and potassium by flame 
spectrometry. 

Phosphate, which interferes with the determination of mag- 
nesium and calcium in the hydrogen-oxygen flame, was removed, 
and tissue samples were prepared for flame spectrophotometric 
analysis, by the following procedure.'! To a 2- to 3-ml sample of 
the mitochondrial suspension in sucrose (containing 1 to 2 mg of 
nitrogen per ml of suspension) is added 6 ml of a 2:1 mixture of 
reagent grade nitric acid and high purity perchloric acid (G. F. 
Smith Company). The samples are digested completely at 
170 + 20° and then evaporated to dryness. The residue, dis- 
solved in a small volume of water, is transferred quantitatively 
to a graduated centrifuge tube and brought to a 4.0 ml volume 
by addition of metal-free water and 1.0 ml of 2% stannic chlo- 
ride in acetone. The tube is stoppered immediately with a poly- 
ethylene cap and the contents are mixed. Stannic phosphate 
precipitates, removing phosphate quantitatively from the solu- 
tion. Excess tin is precipitated as stannic acid by heating at 
70° for 30 minutes, cooling, and centrifuging at 2500 r.p.m. for 


1 Based on an unpublished method of M. Margoshes and B. 
L. Vallee. 
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10 minutes. Sodium, potassium, magnesium, and calcium are 
completely recovered in the water-acetone supernatant solution 
which is analyzed directly with a flame spectrometer (13). 

The precision of the flame spectrometric procedure, expressed 
as a coefficient of variation of individual data is 0.03, and that 
of the spark spectrographic method varies from 0.08 to 0.20, de- 
pending upon the specific metal and its concentration (15). 

Phosphate was determined by the method of Fiske and Sub- 
baRow (16). Acid-soluble phosphate of mitochondria was iso- 
lated by the method of Schneider (17). Nitrogen was deter- 
mined by a Kjeldahl] microtechnique with a coefficient of 
variation of 0.02. 


RESULTS 


Metal Content of Mitochondria—The changes in the contents of 
sodium, potassium, magnesium and calcium of mitochondria ob- 
tained from rat livers are shown in Fig. 1 as a function of the 
time of sacrifice after the administration of carbon tetrachloride. 

The calcium content of mitochondria is doubled as early as 2 
to 4 hours after the administration of the agent, increasing stead- 
ily during the next 10 hours and becoming 4-fold by 12 hours. 
Thereafter, it rises abruptly to more than 10-fold by 16 hours 
and is maximally increased to almost 20 times the normal value 
at 32 to 40 hours. Conversely, the mitochondrial potassium con- 
tent is slightly decreased by 8 hours, and decreases steadily to 
one-fourth that of the control by 40 hours. Both the mitochon- 
drial calcium and potassium contents return to normal values by 
72 hours after the ingestion of the specified amount of carbon 
tetrachloride. 

The excess calcium is not removed by repeated washing of the 
mitochondrial pellet with isotonic sucrose. Mitochondria from 
the liver of a rat, killed 16 hours after the administration of car- 
bon tetrachloride, contained 230 ug of calcium per g of sedi- 
mented mitochondria, compared to 40 ug per g in the control 
animal. After three successive washings in fresh isotonic sucrose, 
calcium is recovered quantitatively in the mitochondrial pellet. 
By identical treatment, 42% of the potassium and 17% of the 
magnesium are removed. 

Between 12 and 56 hours, concomitant with the maximal alter- 
ations in calcium and potassium contents, the sodium content of 
mitochondria increases up to 1.5 wg per mg N, while the mag- 
nesium content decreases by 2.5 ug permgN. These alterations, 
however, are more variable than those of the calcium and po- 
tassium concentrations. The sum of the concentrations of these 
four major cations in mitochondria remains strikingly constant 
even while the extensive changes of calcium and potassium are 
maximal (Table I). 

The nitrogen content of the mitochondria was employed as the 
base line for the calculation of concentrations of metals. Table 
I shows the variation of the mitochondrial nitrogen content, both 
from animal to animal (standard error of the mean) and as a 
function of time after administration of carbon tetrachloride. 
The nitrogen content does not vary markedly. The apparent 
decrease in the averages at 40 and 72 hours is not significant 
compared to the variation between animals as expressed by the 
standard error. 

The increase in calcium does not appear to be secondary to an 
increase in phosphate. The acid-soluble and total phosphate 
contents of mitochondria are not altered before or during the 
early phase of these marked changes in the calcium content of 
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Fic. 1. Time course of changes in metal concentrations in 
mitochondria after administration of CCl, Each point is an 
average of data from three or more animals. 
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TaBLe I 
Nitrogen and total phosphates, acid-soluble phosphates, calcium, 
and molar sum of Na, K, Mg, and Ca in mitochondria 
after CCl, poisoning 











Time} 1 ne a 4 ' 
on Calcium phosphates| phos- Total nitrogen z Na, K, Na, Ca 
phates 
hours mmoles/g N g/kg mitochondrial pellett mmoles/g/N 
0 | 0.045 | 2.74 0.65 21.5 + 1.4 1.29 + 0.07 
4 /0.11 2.92 0.79 19.7 + 3.1 1.31 + 0.09 
16 | 0.53 2.72 0.56 19.1 + 0.8 1.55 + 0.08 
40 | 0.76 4.28 0.50 17.9 + 1.1 1.18 + 0.12 
72 | 0.22 4.58 1.02 16.6 + 3.2 1.67 + 0.10 
96 | 0.048 | 3.14 1.12 1° 2.41 °° 
120 | 0.063 | 2.94 0.70 23.4 + 2.2 1.46 + 0.09 




















* Fewer than four animals. 
t + standard error of mean. 


mitochondria (Table I). Although the calcium content at 16 
hours is over 10 times the initial value, the acid-soluble phosphate 
and total phosphate contents are not changed at that time. Only 
at and beyond 40 hours does an increase in phosphate take place, 
by which time the calcium content has reached a maximum value 
and is decreasing. 
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Mitochondria were extracted with carbon tetrachloride to test 
the hypothesis that the increased amount of calcium in mitochon- 
dria might be associated with lipids. In this manner, 11% of 
calcium is extracted from normal mitochondria (Table II); the 
percentage of calcium removed does not rise proportionately to 
the accumulation of total calcium in the mitochondria; in fact it 
decreases. Sodium, potassium, and magnesium are not extracted 
with this solvent. Extraction of mitochondrial pellets with chlo- 
roform and methanol, or ethanol and diethyl ether dissolves 24 
and 17% of calcium, respectively, as well as substantial amounts 
of magnesium and potassium. The accumulation of calcium in 
mitochondria after carbon tetrachloride poisoning is unchanged 
by the depletion in rats of their peripheral fat by fasting before 
administration of the poison. 

Metal Content of Other Subcellular Fractions—The metal con- 








tents of other subcellular fractions also change with time. Table 
TaBLeE II 
CCl, extraction* of mitochondria from livers of CCl, rats 
Seater CC sitechosia | by Ch |  BxtcScted 

ug/mg N 

Control 1.9 0.2 11 

4 2.4 0.3 13 

12 19.6 3.6 19 

16 30.8 1.3 4 

24 15.2 1.4 9 

40 13.6 0.6 4 

96 1.7 0.4 24 














* Extracted 5 times with 10 volumes of fresh CCl, per g of mito- 
chondria each time at 4°. Extracts pooled and analyzed. 


TaBLeE III 
Effect of CCl, on metals in subcellular fractions of rat liver 


Metals were determined by spark spectroscopy, except Na and 
K by flame spectrometry. 





























Fraction = Ca | Mg K Na Zn Fe Mn 
hours ug/mg N 
Whole liver 
Control | 0.9 | 6.9 | 52 | 5.2 |1.35 |3.0 | 0.052 
16 16.0 | 8.5 | 45 |15.0 |1.27 |2.5 | 0.069 
40 20.0 | 6.9 | 55 | 7.2 |1.16 |2.6 | 0.054 
Residue 
Control | 0.4 | 5.2 | 45 | 4.3 |1.88 |2.0 | 0.071 
16 10.0 | 7.3 | 30 |14.0 |0.88 |1.9 | 0.062 
40 12.8 | 5.1 | 51 | 5.2 |1.51 |2.7 | 0.099 
Mitochondria 
Control | 1.4 | 6.3 | 32 | 0.9 (0.73 |2.6 | 0.127 
16 25.0 | 7.1 | 17 | 2.7 10.72 |2.0 | 0.131 
40 13.6 | 3.8 | 10 | 1.5 |1.24 |5.0 | 0.141 
Microsomes 
Control | 0.6 | 8.5 | 23 | 3.1 |1.25 |1.6 | 0.041 
16 1.6 | 9.3 | 16 | 9.5 |1.49 |4.5 | 0.059 
40 16.0 | 7.4 | 40 | 5.4 |1.41 |3.8 | 0.081 
Supernatant 
Control | 0.5 | 4.2 |117 |16.0 |2.11 |6.7 | 0.033 
16 0.5 | 8.3 |129 |45.0 |2.44 /4.8 | 0.018 
40 13.0 |11.5 |102 |22.0 |2.48 [5.7 | 0.044 
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III shows the metal content of whole liver and all subcellular 
fractions at the beginning (16 hours) and at the maximum point 
(40 hours) of the alterations in mitochondrial metal content, 

The aggregation of calcium in the mitochondria and the residue 
fraction accounts for the total increase in the calcium concen- 
tration of the whole liver 16 hours after administration of car. 
bon tetrachloride. At this time the calcium concentration in 
other subcellular fractions has not changed. By 40 hours, how- 
ever, when the calcium concentration of the whole liver is in- 
creased further, the calcium content of all fractions is increased, 

The loss of potassium from the mitochondria represents such 
a small proportion of the total potassium of rat liver that it is 
not reflected in its total content of potassium, either at 16 or 40 
hours, even though there are small decreases in the residue and 
microsomes. The potassium content of the supernatant fraction, 
which contains 60% of the intracellular potassium (13), is vir- 
tually unchanged. 

The sodium concentration is elevated 2-fold in all fractions 
obtained from the liver sample taken at 16 hours (Table III); 
normal values are observed in the sample taken at 40 hours, 
The magnesium concentration is increased in the supernatant 
fraction, but there is no other significant change. 

The concentrations of zinc and manganese in whole liver and 
the subcellular fractions are virtually stable throughout the pe- 
riod of marked changes in calcium and potassium contents. Iron 
is altered, being elevated at 40 hours in both mitochondria and 
microsomes. 


DISCUSSION 


The administration of carbon tetrachloride results in striking 
increase of calcium and decrease of potassium contents of the 
mitochondria of rat liver as compared with normal mitochondria 
(13). Calcium, initially present in mitochondria in only minor 
amounts, increases 15-fold to become the dominant mitochon- 
drial cation between 16 and 40 hours after the administration of 
carbon tetrachloride; concomitantly potassium, normally the 
most abundant cation, decreases to one-fourth of its initial con- 
centration. 

Earlier biochemical studies have emphasized that mitochondria 
are specific loci of attack in the liver cell injury resulting from 
carbon tetrachloride poisoning (3-11). The present findings 
demonstrate that the earliest changes in the intracellular cation 
concentration are localized to this organelle and are consistent 
with this view. 

This chemical lesion is all the more unique since it appears to 
be relatively specific; it does not occur in conjunction with other 
types of experimental liver injuries such as those produced by 
diets deficient in cysteine and tocopherol,? or magnesium.? The 
magnitude and reproducibility of the observed alterations lie far 
outside of the range of possible analytical artifacts. The nitro- 
gen content remains quite constant throughout the experimental 
period. 

The increase in calcium precedes the loss of potassium, sug- 
gesting an interdependence. Further, the total cation content 
of mitochondria remains stable throughout the period during 
which changes in the concentrations of individual metals occur 
(Table I), suggesting either an exchange of calcium for potassium 


2 E. S. Reynolds, R. E. Thiers, and B. L. Vallee, unpublished 
work. 


* J. Vitale, R. E. Thiers, and B. L. Vallee, unpublished work. 
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at a fixed number of metal-binding sites on or in the mitochon- 
drion, or an isoosmolar exchange of potassium ion for calcium ion. 

Calcium forms more stable compounds than does potassium 
with substrates, such as citrate and pyrophosphate, cofactors 
such as ATP, fatty acids, phosphatidic acid, and other com- 
pounds associated with the membranous solid portions of mito- 
chondria (18). When mitochondria are washed with isotonic 
sucrose or even disrupted by repeated freezing and thawing, cal- 
cium remains entirely within the solid particles whereas most of 
the potassium is removed into the supernatant liquid.2 Mito- 
chondria from normal rat livers are known to concentrate calcium 
(18) and maintain large gradients against the suspending me- 
dium. Although the anionic sites which bind calcium in the 
mitochondria are unknown it seems clear that under normal cir- 
cumstances many of them are occupied by other cations, among 
which is possibly potassium. The binding of calcium may inter- 
fere with the normal function of these sites. However, no data 
have yet been obtained which can distinguish between cellular or 
mitochondrial functions which result from the alterations in cat- 
jon concentrations and those which cause them. 

The source of the calcium which accumulates in the liver mito- 
chondria in carbon tetrachloride poisoning is not known. The 
serum may well be the immediate source, since a transient drop 
in the serum calcium concentration of carbon tetrachloride- 
poisoned rats was sometimes seen during this work, concom- 
itant with the maximum rate of increase of mitochondrial cal- 
cium. It was observed early that, dependent upon their previous 
intake of calcium, dogs poisoned with carbon tetrachloride died 
of tetany typical of hypocalcemia, which could be relieved or 
prevented by administration of calcium salts (19, 20). 

An increase in phosphate-containing compounds in mitochon- 
dria does not account for these changes (Table I) nor can the 
formation of calcium complexes with phosphatidic acid (Table 
II), or the formation of calcium soaps, be shown to be account- 
able. Actually, sufficient phosphate is already present in normal 
mitochondria to bind all the mitochondrial calcium even when 
this metal is increased maximally. 

The ability of mitochondria to retain potassium is an essential 
concomitant of function and may be a prerequisite for perform- 
ance of oxidative phosphorylation (21). On the other hand, 
excess calcium interferes with normal mitochondrial function. 
Mitochondrial swelling (22), loss of potassium (22, 23) and the in- 
ability to carry out respiration (22, 24) and oxidative phos- 
phorylation (25) have all been observed when mitochondria are 
exposed to excess concentrations of calcium. It has been postu- 
lated that a solution of carbon tetrachloride, a nonpolar solvent, 
soluble in the monomolecular layers of lipid, phospholipid, and 
protein of the cristae mitochondriales and membranes of mito- 
chondria, exerts its effects by interfering directly with the 
physical and chemical integrity of these structures (3, 10). 

The well known synergistic toxic effect of ethanol and carbon 
tetrachloride on the liver suggests alternatively that carbon 
tetrachloride may be converted metabolically into a more toxic 
compound. Thus the condensation of ethanol and carbon tetra- 


) chloride could result in the formation of the monoethy] ester of 
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phosgene, ethyl chloroformate. In our experimental trials with 
this agent, death of the animals always resulted before the estab- 
lishment of histological alterations of the liver. Thus, this sug- 
gestion requires further study. 


SUMMARY 


The administration of sublethal doses of carbon tetrachloride 
results in an increased content of calcium in rat liver mitochon- 
dria as early as 2 hours after its administration. Concomitantly 
mitochondrial potassium decreases, the concentration of calcium 
becoming maximal and that of potassium becoming minimal 
within 16 to 40 hours, both returning to normal values within 
72 hours. 

The increased calcium content of liver mitochondria after car- 
bon tetrachloride poisoning is not associated with an increase in 
mitochondrial phosphorus, nor is it accounted for by proportional 
increase in calcium soaps or calcium salts of phosphatidic acid. 
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Various investigators have observed that intact rat liver mito- 
chondria oxidize exogenous reduced diphosphopyridine nucleo- 
tide at a negligible rate (1-4), which can be markedly increased 
by pretreatment of the mitochondria in a hypotonic medium 
(1, 3, 5) or by addition of cytochrome c (1, 5, 6). The oxidation, 
however, of substrates which are metabolized via mitochondrial 
DPN-linked dehydrogenases, e.g. 6-hydroxybutyrate and gluta- 
mate, is not dependent on pretreatment of the mitochondria or 
the presence of cytochrome c (2, 6). These observations have 
supported the concept, proposed by Lehninger (2, 7), of an 
“internal” and “‘external’’ pathway for the oxidation of DPNH 
and led to the conclusion that the mitochondrial membrane is 
impermeable to external DPNH, while permeable to DPN- 
linked substrates. Hypotonic treatment of the mitochondria 
alters this permeability permitting oxidation of DPNH via the 
phosphorylating electron transport system, whereas added cyto- 
chrome c functions as an intermediate carrier with DPNH-cyto- 
chrome c reductase (6, 7). 

An investigation of the ability of mitochondria to oxidize 
external DPNH was undertaken in order to determine what 
role the mitochondrion has in the intracellular oxidation of 
reduced pyridine nucleotides produced in the cytoplasm. In 
this communication the results of a study of the effect of aceto- 
acetate and §-hydroxybutyrate on DPNH oxidation are de- 
scribed. It has been observed that catalytic quantities of either 
acetoacetate or 6-hydroxybutyrate stimulate the oxidation of 
DPNH by rat liver mitochondria without either pretreatment 
of the mitochondria or the addition of cytochrome c. <A con- 
comitant increase in oxidative phosphorylation also occurred. 
A preliminary report of these observations has appeared (8). 


EXPERIMENTAL PROCEDURE 


Normal rat liver mitochondria were isolated in 0.25 m sucrose 
by the method of Hogeboom e¢ al. (9), or in 2.5% polyvinylpyr- 
rolidone-0.25 m sucrose by a modification of the method of 
Novikoff (10). The isolation in 2.5% PVP'-0.25 m sucrose, 
adjusted to pH 7.8 just before use, is as follows. A 20% ho- 
mogenate of liver from 150 to 200 g male Holtzman rats was 
prepared in a Potter-Elvehjem tissue homogenizer. The pH 


* This investigation was supported by The Cancer Chemother- 
apy National Service Center, National Cancer Institute, under 
the National Institutes of Health, Contract Number SA-43-ph- 
1886. 

1 PVP, polyvinylpyrrolidone. 


of the homogenate was 6.9 to 7.1. Nuclei and debris were re- 
moved by centrifugation at 750 xX g for 12 minutes and the 
mitochondrial fraction was sedimented at 10,000 x g for 12 
minutes, washed twice and suspended in the isolation medium 
to a volume of 1.25 g wet weight of liver per ml. The entire 
preparation was carried out at 0-5° and the mitochondria were 
used immediately. The nitrogen content of the mitochondrial 
suspensions, determined by the Kjeldahl procedure, ranged from 
2.5 to 4 mg per ml. Preparations in PVP were corrected for 
the nitrogen content of the isolation medium. O2 uptake was 
measured by conventional manometric techniques, and inorganic 
orthophosphate by the method of Lowry and Lopez (11). Phos- 
phate uptake was measured as the difference between the con- 
tent of inorganic phosphate in zero time controls and the amount 
remaining in the reaction medium after incubation. The reac- 
tions were terminated by addition of 0.2 ml of 4.8 m trichloro- 
acetic acid. Acetoacetate was prepared by alkaline hydrolysis 
of either methyl or ethyl acetoacetate; the stock solution was 
adjusted to pH 7.4 and assayed manometrically (12). 

Hexokinase, Type 3 from yeast, ADP, DPN, DPNH, and 
TPNH from Sigma Corporation; yeast alcohol dehydrogenase 
from the Worthington Biochemical Corporation; and p,.-8-hy- 
droxybutyrate from Nutritional Biochemicals were used. D(-—)- 
8-hydroxybutyrate was a generous gift of Dr. Albert L. Lehnin- 
ger. Antimycin A was purchased from the Wisconsin Alumni 
Research Foundation and PVP (Plasdone C), with an average 
molecular weight of 40,000, from General Aniline and Film 
Corporation. 


RESULTS 


Effect of Acetoacetate and B-Hydroxybutyrate on DPNH Oxida- 
tion—In preliminary spectrophotometric experiments with mito- 
chondria isolated in 0.25 m sucrose, variations in the rate of 
oxidation of DPNH were observed. Without added cytochrome 
c, freshly isolated mitochondria oxidized DPNH at a negligible 
rate in a fortified medium made isotonic with either KCl or 
NaCl (0.10 m); omission of KCl and NaCl permitted a rapid 
oxidation of DPNH. As the mitochondrial preparations stood 
at 0° (1 to 4 hours), however, there was an increasing rate of 
oxidation irrespective of the tonicity of the assay system. In 
manometric studies there were daily variations in the rate of 02 
uptake with DPNH as the substrate, and uniformly low P:0 
ratios were found, even though the isolation and assay of the 
mitochondria were closely controlled. These results indicated 
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differences between preparations in the permeability of the mito- 
chondria to DPNH. For this reason a study of methods of 
isolating mitochondria was undertaken, using as a criterion of 
intactness of the mitochondrion a low DPNH oxidase activity 
in the absence of cytochrome c, but an essentially unaltered 
rate of oxidation of B-hydroxybutyrate and succinate. The 
most consistent preparations of mitochondria were obtained 
with 2.5% PVP-0.25 m sucrose (10). These preparations oxi- 
dized succinate and 6-hydroxybutyrate at only slightly lower 
rates when compared with 0.25 m sucrose preparations. Oxida- 
tive phosphorylation was unimpaired, with P:O ratios of 1.8 
and 2.7 with succinate and 8-hydroxybutyrate, respectively. 
This concentration of PVP had a negligible effect on the oxida- 
tion of DPNH by mitochondria isolated in 0.25 m sucrose, ruling 
out the possibility that PVP was functioning as an enzymatic 
inhibitor of DPNH oxidase. The use of higher concentrations 
of PVP in the isolation medium, i.e. 5.0 and 7.5% PVP, yielded 
preparations with a marked inhibition of succinate and §-hy- 
droxybutyrate oxidation, similar to the results observed with 
high concentrations of sucrose (13). Novikoff (10), however, 
has observed no inhibition of a-ketoglutarate oxidation with 
mitochondria isolated in 7.3% PVP-0.25 m sucrose; these differ- 
ences may be accounted for by variations in the respective sam- 
ples of PVP. Except where designated otherwise, the results 
reported here were observed with mitochondria isolated in PVP. 

The effect of acetoacetate on the oxidation of DPNH as meas- 
ured manometrically is shown in Fig. 1. The rate of mitochon- 
drial oxidation of exogenous DPNH alone was quite low; in 
many experiments the oxygen uptake commenced only after 














the first 10 to 15 minutes, suggesting that a swelling of the mito- 
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Fig. 1. Effect of acetoacetate on DPNH oxidation. Incuba- 


tion medium contained 0.010 m phosphate (pH 7.4), 0.0003 m ADP, 
0.0166 m glucose, 150 K.M. units hexokinase, 0.01 m tris(hydroxy- 
methyl)aminomethane (pH 7.4), 0.006 m MgCle, 0.02 m KF, 0.10 
m KCl, and mitochondria (1.7 mg N). DPNH (8 umoles) and 


acetoacetate (1.0 umole) were added after preincubation (8 min- 
utes). 
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chondria occurred during the incubation, which permitted pene- 
tration of DPNH to the intramitochondrial electron transport 
system. The presence of 1.0 umole of acetoacetate stimulated 
the rate of oxidation 4- to 5-fold. In the experiment presented 
in Fig. 1 an endogenous respiration of 0.9 watom of O2 per 35 
minutes was subtracted from the values; with most preparations 
an endogenous respiration of from 1 to 2 watoms per 35 minutes 
was observed which was unaffected by acetoacetate. A lag 
period of about 5 minutes usually occurred before the initiation 
of respiration with DPNH and acetoacetate, which was not 
abolished by preincubation of the acetoacetate with the mito- 
chondria. The complete oxidation of DPNH in the presence of 
acetoacetate has been measured by permitting the reaction to 
continue until the rapid rate of respiration ceased, at which time 
a total of 9 to 10 watoms of O2 were consumed, and the rate de- 
clined to that observed for the endogenous respiration. The 
difference in the O, uptake and the quantity of DPNH added 
can be accounted for by the endogenous respiration. 

The data in Table I are representative of the effect observed 
on respiration and inorganic phosphate disappearance with 
various concentrations of acetoacetate and 6-hydroxybutyrate. 
As little as 0.3 umole of acetoacetate stimulated respiration; 
3.0 umoles gave maximal stimulation. Above 10 umoles of aceto- 
acetate, a progressive inhibition of respiration occurred (see 


TaBLe [ 


Effect of acetoacetate and B-hydroxybutyrate on DPNH oxidation 

Incubation medium as in Fig. 1. Mitochondria (1.2 to 1.8 mg 
N). DPNH (8 umoles) was added to all vessels after preincuba- 
tion (8 minutes). The indicated additions were also added after 
preincubation. Incubation, 35 minutes at 30°. Endogenous res- 
pirations (i.e. in the absence of DPNH) were subtracted from 
these values. 




















c 

5 Additions ‘oe phate P:0 

& P P 

a = . coe os 

1) SOPW...:s ... 5... ce ee eras eee oT Oo 1s 
DPNH + 0.3 pmole acetoacetate........... 3.1 2.1) 0.7 
DPNH + 1.0 umole acetoacetate........... 4.5| 6.7/1.5 
DPNH + 3.0 umoles acetoacetate.......... 5.4 | 8.8 1.6 
DPNH + 10.0 wmoles acetoacetate......... 4.3 6.1) 1.4 

2 | DPI, . eerste A PO 10; 0 |0 
DPNH + 0.3 umole acetoacetate........... 3.6 | 7.0) 1.9 
DPNH + 1.0 umole acetoacetate........... 5.3 | 11.0) 2.1 
DPNH + 3.0 umoles acetoacetate.......... 5.9 | 14.6) 2.5 
DPNH + 10.0 umoles acetoacetate......... 4.4 | 11.6) 2.6 
DPNH + 0.6 umole p,.-8-hydroxybutyrate..| 3.7 | 8.0) 2.2 
DPNH + 2.0umoles p,.L-8-hydroxybutyrate.| 5.4 | 14.7) 2.7 

S. | PT 6... ois amcrvn i teeeleeeesaeeeees 1.5; 0 |0 
DPNH + 0.3 umole acetoacetate........... 3.5 | 2.7) 0.8 
DPNH + 1.0 umole acetoacetate........... 4.7| 5.6) 1.2 
DPNH + 0.3 umole p(—)-8-hydroxybutyr- 

PPR sss tone ge Rap le 3.3 | 2.7) 0.8 
DPNH + 1.0 umole p(—)-8-hydroxybutyr- 
GG ss disso neo: b:0:0 nbn be baccd cee aban tee 4.8} 6.6) 1.4 

DPNH + 0.6 umole p,t-8-hydroxybutyrate.| 3.5 | 3.1) 0.9 
DPNH + 2.0umoles p,.-8-hydroxybutyrate.| 5.3 | 7.3) 1.4 
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below). Acetoacetate also had a striking effect on the phos- 
phorylation which is coupled to the oxidation of DPNH. The 
phosphate uptake in the absence of acetoacetate was never 
greater than 1 umole per 35 minutes, and in most experiments 
was zero. Addition of acetoacetate stimulated phosphate up- 
take, with P:O ratios usually in the range of 1.5 to 2.2; higher 
values have been observed. The stimulated phosphorylation 
was completely uncoupled by 5 X 10“ m 2,4-dinitrophenol; 
the respiration was slightly depressed, which could, however, 
be accounted for by an inhibition of the endogenous respiration 
by dinitrophenol. The stimulatory effect of acetoacetate on 
phosphate uptake has also been observed in a test system where 
the hexokinase-glucose trap for phosphate was replaced by ADP 
as the sole phosphate acceptor, but the P:O ratios, as expected, 
were lower. 

The effect of catalytic quantities of 8-hydroxybutyrate was 
investigated to determine whether acetoacetate was functioning 
in this system by being reduced by the exogenous DPNH to 
D( —)-8-hydroxybutyrate which could then be oxidized intra- 
mitochondrially. The presence of either acetoacetate or p(—)- 
8-hydroxybutyrate in equimolar concentration was found to 
stimulate respiration and phosphate uptake to the same degree. 
As represented in Experiment 2 and 3 of Table I, 0.6 and 2.0 
umoles of p,t-G-hydroxybutyrate caused increases in the res- 
piration which were comparable to 0.3 and 1.0 umole of aceto- 
acetate, respectively, thus indicating that only one of the isomers 
in the racemic mixture was active. Lehninger and Smith (14) 
have reported that under similar conditions only the p(-—) 
isomer is oxidized. These results suggest that the stimulation 
of DPNH oxidation by acetoacetate is catalyzed by the p(—)- 
8-hydroxybutyrate dehydrogenase. This conclusion is further 
substantiated by the observation that acetoacetate in concen- 
trations higher than 10 umoles per 3.0 ml progressively inhibited 
the O2 uptake with both DPNH and 6-hydroxybutyrate as sub- 
strate, indicating that acetoacetate in both cases was inhibiting 


TaBLeE II 
Effect of catalytic quantities of various substrates 
on DPNH oxidation 
Incubation medium as in Fig. 1; 1.0 umole of the indicated sub- 
strates was preincubated (8 minutes) with the mitochondria (1.5 
to 2.0 mg N). DPNH (8 uwmoles), where indicated, was added 
from the sidearm. Incubation, 35 minutes at 30°. 




















Oxygen uptake 
Experiment Substrate ao oy 

—DPNH +DPNH 
patoms patoms patoms 
1 None 2.1 3.8 5 
Acetoacetate 2.2 6.7 4.5 
Succinate 6.4 a 0.7 
a-Ketoglutarate 6.2 tea 0.9 
2 None 1.9 3.3 1.4 
Acetoacetate 1.9 6.6 4.7 
L-Malate 5.0 5.4 0.4 
Citrate 5.9 6.3 0.4 
3 None 4:7 2.8 .2 
p,L-8-Hydroxybutyrate| 1.5 6.0 4.5 
L-Glutamate 4.8 6.5 1.7 
Pyruvate 2.8 3.0 0.2 
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the p( —)-8-hydroxybutyrate dehydrogenase.? The high aceto- 
acetate concentrations tested did not inhibit the oxidation of 
other mitochondrial substrates, in contrast to the report of Nath 
and Hatwalne (15). 

Antimycin A (5 wg) and Amytal (2 mm) (6) completely in- 
hibited O2 uptake with DPNH in the presence of acetoacetate, 
demonstrating that the terminal electron transfer is catalyzed 
by the phosphorylating cytochrome chain (6). Coenzyme A 
had no effect on the stimulated oxidation of DPNH or coupled 
phosphorylation. Omission of fluoride or KCl from the assay 
system permitted a more rapid oxidation of DPNH alone, but 
did not alter the acetoacetate effect. 

In order to rule out the possibility that acetoacetate or B-hy- 
droxybutyrate increased the permeability of mitochondria by 
causing a swelling of the mitochondrion, measurements of 
changes in light scattering by suspensions of mitochondria under 
various conditions were performed (16). Using the test system 
described in Fig. 1, there were no significant differences in light 
scattering by mitochondria in the absence or presence of either 
acetoacetate or D,uL-@-hydroxybutyrate. Addition of DPNH 
was also without appreciable effect. 

Effect of Other Oxidizable Substrates on DPNH Oxidation—The 
results of a study of the effect of various mitochondrial sub- 
strates on DPNH oxidation is presented in Table II. Catalytic 
quantities of succinate, a-ketoglutarate, glutamate, citrate, and 
malate stimulated the endogenous respiration and phosphate 
uptake. These substrates serve as “sparkers” for the oxidation 
of endogenous substrates, presumably fatty acids. Pyruvate 
had only a slight effect and neither acetoacetate nor 6-hydroxy- 
butyrate increased the endogenous respiration. As may be seen 
from the last column of Table II, none of the substrates of the 
tricarboxylic acid cycle stimulated the oxidation of DPNH; the 
small increases observed with these substrates plus DPNH can 
be accounted for by the oxidation of DPNH alone. DPNH, 
however, partially inhibited the phosphate uptake occurring in 
the presence of the various substrates with the exception of 
acetoacetate or 6-hydroxybutyrate. These results demonstrate 
that with DPNH as the substrate the stimulation of O. uptake 
by catalytic quantities of acetoacetate or B-hydroxybutyrate is 
a phenomenon not common to the other mitochondrial sub- 
strates examined. 

Comparison of Various Preparations of Mitochondria—A stimu- 
latory effect of acetoacetate on respiration and phosphorylation 
has been observed with mitochondria prepared in 0.25 m sucrose 
as well as mitochondrial preparations which have been subjected 
to hypotonic treatment before the assay. As shown in Table 
III, the rate of oxidation of DPNH in the absence of acetoace- 
tate with conventional 0.25 mM sucrose preparations was higher 
than with mitochondria isolated in PVP. The presence of 
acetoacetate stimulated both respiration and phosphate uptake. 
Mitochondria pretreated in hypotonic medium, i.e. suspended 
in cold glass distilled water and added to the vessel after 5 min- 
utes, catalyzed a rapid oxidation of DPNH in the absence of 
acetoacetate, in confirmation of the results of Maley (5) and 
Vignais and Vignais (17); the P:O ratios, however, were usually 
less than 1.0. Addition of acetoacetate stimulated the rate of 
oxidation only slightly, but had a marked effect on the P:0 
ratio. In the representative experiment shown in Table III, 
phosphate uptake increased more than 2-fold, whereas respiration 


2T. M. Devlin, and B. H. Bedell, unpublished observations. 
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was stimulated only 12%. The cause of this greater increase in 
phosphate uptake than O, uptake has not been ascertained, but 
a possible interpretation is suggested below. 

Effect of Acetoacetate on Oxidation of Continuously Generated 
DPNH—It has been reported that untreated rat liver mitochon- 
dria oxidize DPNH which is continuously generated from an 
alcohol dehydrogenase system (5, 6,17). It has been suggested, 
however, that in the reaction mixture used for these experiments 
there may have been an alteration in the permeability of the 
mitochondrial membrane, thus, permitting DPNH access to the 
“internal” pathway (5). The results in Table IV demonstrate 
the effect of acetoacetate on O2 uptake and phosphate disappear- 
ance with DPNH continuously generated in the reaction me- 
dium. In agreement with Maley (5), the oxygen uptake was 
found to be dependent on the concentration of added DPN and 
the P:O ratios observed were usually between 1.5 and 2.0. Ad- 
dition of 1.0 umole of acetoacetate stimulated respiration 20 to 
50% depending on the concentration of DPN, whereas the phos- 
phate uptake was in most instances more than doubled. This 
difference in the degree of stimulation of oxygen and phosphate 
uptake is reflected in increased P:O ratios. These results sug- 
gest that in this system two pathways are available for the 
oxidation of DPNH, which differ in the degree of coupling to 
phosphorylation. The acetoacetate pathway is apparently more 
tightly coupled and competes with a pathway for the direct 
oxidation of DPNH, since phosphate uptake was stimulated to 
a larger degree than O- uptake in the presence of acetoacetate. 

Comparison of Rates of Oxidation of DPNH, Succinate, and 
B-Hydroxybutyrate—In order to measure the relative activity 
of the DPNH-acetoacetate pathway, a comparison of the oxida- 
tive activity of liver mitochondria with various substrates was 
carried out. The results of this study are summarized in Table 
V. With mitochondria prepared in 0.25 m sucrose the average 
rates of oxidation by molecular O2 of p,.-8-hydroxybutyrate, 
succinate, DPNH, and DPNH plus acetoacetate are in the rela- 
tive ratios of 1.0, 1.3, 0.1, and 0.6; with PVP preparations the 


TaBLe III 
DPNH ozidation by various mitochondrial preparations 
Incubation medium as in Figure 1. DPNH (8 ywmoles) and 
acetoacetate (1.0 wymole), where indicated, added from sidearm 
after preincubation (8 minutes). Incubation, 35 minutes at 30°. 
Abbreviation, PVP = polyvinylpyrrolidone. 











Oxy- | Phos- 
Mitochondrial preparation Additions gen | phate | P:O 
uptake|uptake 
patoms |wmoles _ 
0.25 M sucrose None 1.0} 0.5) 0.5 
DPNH 2.6 | 4.3) 1.7 
DPNH + acetoacetate 5.6 | 10.3) 1.8 
2.5% PVP-0.25 m su- 
crose None 10}; 0/90 
DPNH 1.8} 1.2) 0.7 
DPNH + acetoacetate 5.5 | 13.0) 2.4 
2.5% PVP-0.25 m su- 
crose suspended in 
H.0 (see text) None 0.5] 0.5) 1.0 
DPNH 6.7 | 5.5) 0.8 
DPNH + acetoacetate 7.5 | 12.2) 1.6 
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ratios are 1.0, 1.4, 0.05, and 0.4. Thus the rate of oxidation of 
DPNH in the presence of acetoacetate is quite significant and 
is, in fact, greater than that usually observed with malate or 
citrate as substrate (13, 18). 

Effect of Acetoacetate on TPNH Oxidation—In Table VI are 
shown the results of a study of the effect of acetoacetate on 
TPNH oxidation by liver mitochondria isolated in 0.25 m su- 
crose. The rate of oxidation of TPNH alone was nil in these 
experiments, in agreement with the observations of Pullman and 
Racker (4). In contrast to the observations with DPNH, added 
acetoacetate had only a negligible effect on the respiration with 
TPNH as the substrate. A significant increase in O2 uptake 
and phosphorylation was observed, however, if 1.0 umole of 
DPN was added with the acetoacetate. DPN was obligatory 


TaBLe IV 
Effect of acetoacetate on oxidation of continuously generated DPNH 
Incubation medium as in Fig. 1. Mitochondria (1.7 mg N). 
DPN and excess alcohol dehydrogenase present in preincubation 
medium; ethanol (170 uzmoles) and acetoacetate (1.0 umole), added 
after preincubation (8 minutes). Incubation, 30 minutes at 30°. 








DPN Additions pm = P:0 
pmoles patoms pmoles 
1.0 None 1.3 1.7 1.3 
1.0 Ethanol 3:7 6.0 1.6 
1.0 Ethanol + acetoacetate 5.0 11.4 2.3 
3.3 None 1.3 1 1.3 
3.3 Ethanol 4.6 8.0 LZ 
3.3 Ethanol + acetoacetate 6.8 16.1 2.4 
10.0 None 1.9 pe g 0.9 
10.0 Ethanol 5.3 7.9 1.5 
10.0 Ethanol + acetoacetate 6.5 15.2 2.3 

















TABLE V 


Comparison of DPNH, succinate and B-hydroxybutyrate oxidase 
activities of liver mitochondria 

Incubation medium as in Fig. 1. DPNH (8 umoles), acetoace- 
tate (3.0 umoles), succinate (30 pmoles) and p,u-8-hydroxybutyr- 
ate (30 wmoles) added after preincubation (8 minutes). Mito- 
chondria (1.2 to 1.8 mg N) preparation as indicated. Values are 
patoms of oxygen per 10 minutes and were measured between 10 
and 20 minutes after tipping. The numbers in parentheses are 
the relative rates of activity with 6-hydroxybutyrate oxidase 
equal to 1.0. 














Oxidase activity 

Mitochondrial preparation 
pew | ,DPNH-S | exizdcony- | suciat 
2.5% PVP-0.25m | 0.2(0.05) | 1.7(0.5) | 3.6(1.0) | 5.7(1.6) 
sucrose 0.3(0.07) | 1.9(0.4) | 4.6(1.0) | 5.4(1.2) 
0.2(0.04) | 2.2(0.4) | 5.3(1.0) | 7.3(1.4) 
0.2(0.05) | 1.5(0.4) | 3.9(1.0) | 5.5(1.4) 
0.25 M sucrose 0.4(0.11) | 2.6(0.7) | 3.6(1.0) | 4.6(1.3) 
0.1(0.02) | 2.8(0.6) | 4.8(1.0) | 5.7(1.2) 
0.6(0.13) | 3.8(0.7) | 4.6(1.0) | 5.8(1.3) 
0.6(0.13) | 2.3(0.5) | 4.6(1.0) | 5.2(1.1) 
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TaBLe VI 
Effect of acetoacetate on TPNH oxidation 
Incubation medium as in Fig. 1. DPN (1.0 umole) and aceto- 
acetate (3.0 wmoles), where indicated, were preincubated with 
mitochondria isolated in 0.25 m sucrose (1.2 to 1.8 mg N); DPNH 
(8 wmoles) and TPNH (7 wmoles) added after preincubation (8 








minutes). Incubation, 30 minutes at 30°. 
x Phos- 
eng Additions Oxygen phate P:0 
patoms | umoles 
1 None 1.0 0.3 | 0.3 
DPNH 2.4 0.2; 0.1 
DPNH + acetoacetate T&A 148.74 4.9 
TPNH 1.0 0 0 
TPNH + acetoacetate 1.4 0.4 | 0.3 
TPNH + DPN 2.3 0.4 | 0.2 
TPNH + acetoacetate + DPN 4.4 6.6 | 1.5 
2 None 1.3 0 0 
TPNH 1.6 0 0 
TPNH + DPN 2.5 1.3 | 0.5 
TPNH + DPN + acetoacetate 3.9 4.3.) 2.4 

















for the stimulation of TPNH oxidation by acetoacetate, sug- 
gesting that the first step in the oxidation of TPNH was a trans- 
hydrogenation between TPNH and DPN, catalyzed by the mito- 
chondrial TPNH-DPN transhydrogenase (19). The DPNH, 
thus formed, was oxidized via the acetoacetate-stimulated 
pathway. Amytal (2 mm) and antimycin A (5 ug) inhibited the 
oxidation of TPNH in this system. 

With mitochondria isolated in sucrose-PVP, TPNH alone was 
not oxidized, but no significant stimulation of the rate has been 
observed with added DPN and acetoacetate. This lack of 
stimulation with these preparations may be due to the unavaila- 
bility of the TPNH-DPN transhydrogenase to the external 
TPNH and DPN. It is possible that this enzyme functions 
exclusively as an intramitochondrial enzyme (19). With sucrose 
preparations of mitochondria, however, there is a significant 
rate of interaction of the “internal” electron transport system 
with external pyridine nucleotides, as demonstrated by the 
higher rate of oxidation of DPNH in the absence of acetoace- 
tate. 


DISCUSSION 


The two reported pathways present in the mitochondria for 
the oxidation of DPNH have been extensively studied and 
reviewed (cf. (6, 7, 20)). The “external”? pathway which re- 
quires added cytochrome c has been found to be only partially 
sensitive to the respiratory inhibitors antimycin A (5) and Amy- 
tal (6). Maley (5) has, in fact, demonstrated that the degree 
of inhibition by antimycin A depends on the concentration of 
added cytochrome c. In contrast, the “internal’’ phosphorylat- 
ing pathway is completely inhibited by these agents (5-7). The 
demonstration that continuously generated DPNH is rapidly 
oxidized by mitochondria has been explained by the fact that 
under the conditions of isolation or assay, a change in the perme- 
ability of the mitochondrial membrane may have occurred (5, 
6, 17). Thus, if the studies with isolated mitochondria have 
any significance with regard to the role of mitochondria in the 
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intact cell there is apparently no direct mitochondrial pathway 
available for the oxidation of DPNH generated in the cyto- 
plasmic compartment of the cell. 

The results reported here suggest a possible mechanism for 
the oxidation of external DPNH by liver mitochondria which 
does not require either the presence of exogenous cytochrome c 
or an alteration of the permeability of the mitochondrial mem- 
brane. It has been shown that either acetoacetate or B-hy- 
droxybutyrate stimulate the oxidation of DPNH, with terminal 
electron transport to oxygen via the antimycin A-sensitive phos- 
phorylating pathway. From the available evidence it may be 
concluded that the stimulated oxidation of DPNH is catalyzed 
through the mediation of p(—)-8-hydroxybutyrate dehydro- 
genase (14) and not by L(+)-6-hydroxybutyryl dehydrogenase 
(21, 22). A pathway involving the latter enzyme would necessi- 
tate the activation of the acids to their coenzyme A derivatives 
(23). The following reasons indicate that this latter pathway 
is not involved: (a) p(—)-6-hydroxybutyrate is as effective as 
acetoacetate in stimulating the oxidation of DPNH; (6) the 
activation of acetoacetate to its CoA derivative does not occur 
in rat liver mitochondria (23, 24); (c) the alternate pathway in 
liver for the formation of acetoacetyl-CoA from acetoacetate 
proposed by McCann (23) (which involves reduction of aceto- 
acetate, the subsequent activation of p(—)-8-hydroxybutyrate 
(25) to its CoA derivative, and racemization (26) to the L(+) 
form) requires ATP for the initial activation. The stimulation 
of respiration reported here is unaffected by the presence of 2,4- 
dinitrophenol, which completely uncoupled phosphorylation, de- 
pleting the system of ATP; and (d) addition of CoA to the sys- 
tem described was without effect. Thus, it may be concluded 
that the alternate reduction and oxidation of acetoacetate and 
8-hydroxybutyrate is catalyzed by p( —)-8-hydroxybutyrate de- 
hydrogenase. 

In the system for the oxidation of external DPNH described 
here, acetoacetate and p(—)-8-hydroxybutyrate may function 
as a shuttle between the intra- and extramitochondrial DPN, 
with acetoacetate reduced by external DPNH to p(—)-8-hy- 
droxybutyrate which is reoxidized by the internal-bound DPN. 
This type of reaction, in which the substrate participates in a 
catalytic manner, is similar to that proposed by Talalay et al. 
(27, 28) to explain the pyridine nucleotide transhydrogenase 
activity catalyzed by 176- or 3a-hydroxysteroid dehydrogenase 
located in the cytoplasm. Kaplan et al. (29) have suggested 
that a specific DPN-DPN transhydrogenase located in the mito- 
chondria may catalyze this transfer of reducing equivalents 
across the membrane. Isolated mitochondria, however, do not 
oxidize DPNH at a significant rate. Stein et al. (19) have 
reported that the activity of the DPN-DPN transhydrogenase 
is increased by digitonin treatment of the mitochondria, indi- 
cating that the enzyme may be located and have a specific func- 
tion intramitochondrially, as previously proposed (29, 30). 
Thus, these results would indicate that this enzyme does not 
catalyze a hydrogen transfer across the membrane of the mito- 
chondrion. 

The various intermediates of the tricarboxylic acid cycle 
tested did not stimulate the oxidation of external DPNH. An 
obvious explanation for this lack of activity is that the substrate 
is further metabolized, thus lowering the concentration of sub- 
strate and product below the effective level. An alternate 
possibility, however, may be that the substrate or product can- 
not be reduced extramitochondrially, but only internally, thus 
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prohibiting the interaction with external DPNH. This would 
require that the enzymes involved in the tricarboxylic acid cycle 
function exclusively within the mitochondria, whereas p(—)- 
§-hydroxybutyrate dehydrogenase may function both internally 
and externally. These results, however, do not exclude the 
possibility that in vivo other substrates may catalyze a similar 
extra-intramitochondrial transhydrogenation. Various investi- 
gators (31-33) have suggested that L-a-glycerophosphate and 
dihydroxyacetone phosphate may participate in a similar cyclic 
reaction, since normal cells contain both a cytoplasmic and 
mitochondrial L-a-glycerophosphate dehydrogenase. It is un- 
likely, though, that in all instances where a cytoplasmic and 
mitochondrial dehydrogenase exists for the same substrate, that 
the substrate and product function catalytically to transfer 
reducing equivalents from the cytoplasm into the mitochondria. 
In most cases the products are further metabolized by the mito- 
chondria, preventing the substrate from recycling. These vari- 
ous possibilities are being investigated in this laboratory. 


SUMMARY 


The oxidation of DPNH by intact rat liver mitochondria, 
isolated in 0.25 m sucrose or 2.5% polyvinylpyrrolidone-0.25 m 
sucrose, was found to be stimulated 4 to 6 times by catalytic 
quantities (0.3 to 1.0 umole) of acetoacetate or p( —)-8-hydroxy- 
butyrate. Coupled phosphorylation was also stimulated, with 
P:O ratios in the range of 1.5 to 2.2. The increased respiration 
was completely inhibited by Amytal and antimycin A, and 
phosphate uptake abolished by 2,4-dinitrophenol. Catalytic 
quantities of succinate, a-ketoglutarate, malate, citrate, gluta- 
mate, and pyruvate stimulated the endogenous respiration, but 
had no effect on DPNH oxidation. Pretreatment of the mito- 
chondria in a hypotonic medium permitted a rapid oxidation of 
DPNH, which was only slightly stimulated by acetoacetate, 
although phosphate uptake was more than doubled, yielding 
higher P:O ratios. A similar result was observed with the use 
of a system for the continuous generation of DPNH from DPN. 
The oxidase activity of liver mitochondria with 8-hydroxybuty- 
rate, succinate, DPNH, and DPNH plus acetoacetate is in the 
relative ratio of 1.0:1.3:0.1:0.6. 

Acetoacetate alone had no effect on TPNH oxidation, but the 
presence of DPN caused a stimulation in both oxidation and 
coupled phosphorylation with mitochondria isolated in sucrose, 
suggesting the participation of TPN-DPN transhydrogenase as 
well as the acetoacetate system in TPNH oxidation. 

The results indicate that acetoacetate and p(—)-8-hydroxy- 
butyrate function to transfer reducing equivalents between 
extra- and intramitochondrial DPN, by being alternately oxi- 
dized and reduced, and that the reaction is catalyzed by p( —)- 
8-hydroxybutyrate dehydrogenase. It is suggested that the 
system described may be a pathway for the oxidation by molecu- 
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lar oxygen of DPNH formed in the cytoplasmic compartment 
of the cell. 
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It is generally assumed that the specific inhibition of respira- 
tory chain oxidations does not lead to any dissociation of phos- 
phorylation from electron transfer. Support for this view has 
come from the demonstration that respiration in isolated animal 
mitochondria can be partially blocked by carbon monoxide (1), 
low concentrations of azide (2), or antimycin A (3) without 
affecting the ratio of phosphate esterified to oxygen consumed 
(P:O). On the other hand, many higher plant tissues respond 
to inhibitors in such a way as to suggest that effects on respira- 
tion and phosphorylation may differ markedly: oxygen uptake 
by these tissues may be unaffected, or even promoted, by rela- 
tively high concentrations of cyanide and carbon monoxide, 
whereas energy-requiring processes are readily inhibited (4). 
This type of effect suggests that an inhibition of cytochrome 
oxidase can cause an uncoupling of phosphorylation from oxida- 
tion. Support for this possibility has recently been provided by 
the demonstration that cyanide lowers the P:O ratio measured 
during the oxidation of organic acids by some isolated plant 
mitochondria (5, 6). Since cyanide can affect a number of 
different reactions, it was of interest to know whether more 
specific inhibitors might have a similar effect. The present 
report describes a study of the influence of a variety of respira- 
tory chain inhibitors on the phosphorylations linked to the 
oxidation of citrate and succinate by sweet potato mitochondria. 
It has been found that interference with electron transfer within 
the cytochrome system does in fact lower the P:O ratio. Several 
explanations for the results, including the possibility that an 
alternate, nonphosphorylating respiratory pathway is functional 
in the presence of inhibitors, are considered. 

A preliminary note describing some of the findings has been 
published (7). 


EXPERIMENTAL PROCEDURE 


Sweet potatoes (Ipomea batatas) were purchased weekly at 
local markets and stored at room temperature. Respiratory 
rates of tissue slices were determined in small volumeters, as 
previously described (8). A method similar to that developed 
by Lieberman and Biale (9) was used for the isolation of the 
particulate fraction (mitochondria). Chilled tissue, 300 g, was 
passed through a meat grinder and then macerated at low speed 
in a Waring Blendor for 2 minutes with 300 ml of medium con- 
taining 0.5 m sucrose, 0.05 m Tris (pH 7.0), 0.01 m neutralized 
ethylenediaminetetraacetic acid, and 0.01 m neutralized cysteine - 
HCl. The homogenate was centrifuged at 1,000 x g for 5 


* This investigation was supported by a grant from the National 
Science Foundation. 


minutes, the residue discarded, and the supernatant centrifuged 
at 10,000 x g for 20 minutes. The pellet was resuspended in 
20 ml of the isolation medium (minus cysteine), the particles 
resedimented at 10,000 x g, and the final residue suspended in 
5.0 ml of 0.5 m sucrose-0.05 m Tris (pH 7.0). All operations 
were carried out at roughly 0°. The protein content of the 
mitochondrial suspension, determined by the method of Lowry 
et al. (10), varied between 2 and 8 mg of protein per ml. 

The oxidations of organic acids were carried out in Warburg 
vessels in duplicate or triplicate, with the use of standard mano- 
metric techniques. The reaction was started, after thermal 
equilibration, by tipping in the substrate from the side arm; it 
was stopped by mixing with 0.25 ml of 40% trichloroacetic acid. 
The initial and final phosphate concentrations were measured 
by the method of Bernhart and Wreath (11), and the difference 
between these values represents the phosphate uptake. Hexo- 
kinase (approximately 50 units per vessel), together with glu- 
cose, was included as a phosphate trap; the control P:O ratio 
was not lowered when one-half of this amount of hexokinase was 
used. Anaerobic experiments were carried out in Thunberg 
tubes, which had been evacuated (water aspirator) and then 
filled with either Nz or CO; the extent of the reaction was cal- 
culated from the amount of ferricyanide reduced, as determined 
by the decrease in optical density at 420 mu. Absorption spec- 
tra were obtained with the use of a Cary model 14 spectropho- 
tometer. 

All gases were obtained from commercial sources and the gas 
mixtures were made up by displacement. When a gas phase 
other than air was required in the manometric experiments, 
each Warburg vessel was flushed, while shaking, with at least 
500 ml of the appropriate mixture. HCN was generated from 
the appropriate Ca(CN):-Ca(OH). mixture added to the center 
well (12). Antimycin A was purchased from the Wisconsin 
Alumni Research Foundation, and 2-heptyl-4-hydroxyquinoline- 
N-oxide was kindly supplied by Dr. J. W. Lightbown. 


RESULTS 


For the purposes of the present investigation, it was desirable 
to find a tissue which has a cyanide-resistant respiration and 
which also yields active mitochondria. Sweet potato roots were 
selected after a survey of a variety of readily available plant 
tissues. Thin (1 mm) slices of this storage root respire rapidly 
and the oxygen uptake is not inhibited by millimolar cyanide. 
In three experiments, the average Qo, (ul of Oz per hr per g 
fresh weight) was 132 in the air control and 160 in the presence 
of 10-* m HCN, indicating that the respiration was actually 
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promoted 21% by this “inhibitor.” The particulate fraction 
prepared from sweet potatoes can carry out an active oxidation 
of Krebs cycle acids and a concomitant esterification of inorganic 
phosphate (9, 13). Table I shows that excellent P:O ratios can 
be obtained with these preparations, and the phosphate uptake 
is clearly dependent on an external supply of ADP. The fact 
that the oxygen uptake is doubled by the addition of ADP 
indicates some degree of “respiratory control.” At relatively 
high concentrations, 2,4-dinitrophenol uncouples most of the 
phosphorylation from the oxygen uptake (Table II), and this 
fact indicates that the phosphate uptake is linked to electron 
transfer within the respiratory chain. 

Low concentrations of cyanide inhibit both the oxygen and 
phosphate uptake by sweet potato mitochondria; however, the 
effect on phosphorylation is considerably greater, as can be seen 
in the data of Table III. In this experiment, 10-* m HCN 
inhibited the oxidation of succinate 39%, whereas phosphoryla- 
tion was reduced 64%, with the result that the P:O ratio was 
roughly halved; in four experiments the decrease in the P:O 
averaged 57%. The effect of cyanide on the citrate P:O was 
usually somewhat smaller and considerably more variable; in 
nine experiments the P:O ratio was decreased an average of 23% 
by 10-* m HCN, with the individual values ranging from 7 to 
75%. In general, the larger inhibitions were correlated with 
the lower control P:O values. Azide also reduces the P:0O ratio, 
and again the effect is more marked with succinate than with 
citrate (Table III). Although it is well known that high concen- 
trations of azide uncouple phosphorylation (14), the low concen- 
trations (e.g. 3 X 10- m) of azide which are effective here do 
not have a comparable effect on liver mitochondria (2). From 
the data in Table ITI, it is clear that there is no direct correlation 
between the inhibitions of oxygen and phosphate uptake, par- 
ticularly at the higher concentrations of these agents. 

Because carbon monoxide is a much more specific inhibitor 
of cytochrome oxidase, its effects were studied in more detail. 
Table III shows the results of typical experiments which illus- 
trate the differential effect of CO on oxygen and phosphate 
uptake. Here, the P:O ratio for both substrates is decreased 
roughly 0.5 of a unit by CO-O, mixtures (4:1 and 9:1). The 
magnitude of this CO effect varied considerably with different 
preparations; thus, the inhibition of the P:O ratio by CO-O, 


TaBLeE I 
The ADP requirement for oxidation and phosphorylation 

Contents of reaction vessel, in ymoles: substrate, 60; sucrose, 
1325; glucose, 60; MgSO,, 20; diphosphothiamine, 0.2; DPN, 1.2; 
phosphate buffer (pH 7.0), 80; Tris buffer (pH 7.0), 12. To this 
was added 3 ymoles of ADP when required, 1 mg of hexokinase, 
0.25 ml of mitochondrial suspension (2 mg of protein), and water 
to make a total volume of 3.0 ml. Oxygen consumption and 
disappearance of inorganic phosphate measured for incubation 
period of 60 minutes at 30°. 


D. P. Hackett, B. Rice, and C. Schmid 








Substrate ADP Oz Pj P:O 
watoms watoms 

Succinate — 6.3 3.2 0.51 

+ 12.3 21.8 1.77 

Citrate - 3.1 4.2 1.36 

+ 6.5 17.8 2.74 
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TABLE II 
The uncoupling of oxidative phosphorylation by 2,4-dinitrophenol 
Reaction conditions as described in Table I. 
































Succinate Citrate 
2,4-Dinitrophenol 

Oz Pj P:0 Oz Pi P:0 

M uatoms | patoms uatoms | patoms 
0 14.4 | 21.7 | 1.51 | 12.7 | 30.9 | 2.44 
5 X 10-5 15.3 | 19.1 | 1.25 | 12.4 | 24.4 | 1.97 
1X 10-4 13.8 14.7 1.07 11.4 | 19.6 | 1.72 
5 X 10-4 5.8 3.6 | 0.62 | 11.9 4.7 | 0.40 

TaB_e III 


Effects of cytochrome oxidase inhibitors on oxidation 
and phosphorylation 
Reaction conditions as described in Table I. KCN or NaN; 
added to main compartment; Ca(CN)2-Ca(OH)2 mixture added 
to center well. For CO experiments, air in gas phase replaced 
by flushing with appropriate mixture before starting reaction 






































Succinate Citrate 
Inhibitor Concentration 

Oz: Pi P:0 | Oz Pi P:0 

patoms| patoms)| patoms)| patoms 
Cyanide 0 18.3} 32.2) 1.76) 14.8) 38.2) 2.58 
4.6 X 105m 14.8) 23.7) 1.60) 7.8) 20.8) 2.66 
1X 10°*m 11.2} 11.6) 1.04) 7.2) 14.7) 2.04 
Azide 0 14.5) 19.9] 1.37) 12.7) 34.0) 2.68 
1X 10-*mu 10.6) 12.2) 1.15) 8.8) 22.1) 2.52 
3X 10-*m 10.0} 8.8) 0.88) 8.5) 17.5) 2.06 
1X 10°? 9.4; 2.5) 0.27) 7.8} 13.3) 1.70 
Co 0 13.5} 19.3) 1.43) 10.2) 28.0) 2.74 
CO-O; (4:1) 9.0) 8.2) 0.91) 9.6) 21.5) 2.24 
0* 10.6) 12.5) 1.18) 8.7) 21.6) 2.48 
CO-O; (9:1) 7.0) 5.1) 0.73) 7.1) 14.0) 1.97 











* Gas phase = N2:Oz (9:1) at 1 atmosphere. 


TABLE IV 
Reversal of the CO inhibition of phosphorylation by either 
oxygen or light 

Reaction conditions as described in Table I. Substrate = 
citrate. Light from three 300-watt tungsten reflector flood lamps 
passed through a window in the Warburg bath and was reflected 
up through the bottoms of the vessels. Dark experiment carried 
out simultaneously in a second Warburg bath. 











Phosphate uptake 
Gas phase 

Dark Light 

patoms uatoms 
Air 22.7 
30 N2-50 CO-20 O, 13.6 
50 CO-50 O2 24.4 
90 N2-10 O2 10.1 9.9 
90 CO-10 O, 6.0 10.4 
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TABLE V 


Effects of CO on ferricyanide reduction and phosphorylation 
under anaerobic conditions 

Reaction mixtures in Thunberg tubes as described in Table I, 
except for inclusion of 0.5 ml of mitochondrial suspension and 50 
umoles of potassium ferricyanide in each tube. Following evacu- 
ation, refilling with N2 or CO, and thermal equilibration, reaction 
started by tipping in mitochondria from side arm. Incubated for 
30 minutes at 30° and reaction stopped by immersing tubes in boil- 
ing water. In the absence of mitochondria or substrate, there 
was essentially no ferricyanide reduction (estimated at 420 my), 
and there was no phosphate uptake in the absence of ferricyanide 
or substrate. 























Succinate Citrate 

Gas 
phase 

Ferricyanide Pi rise Ferricyanide Pi P:2e 

pmoles patoms pmoles patoms 
Nez 47.2 5.8 0.25 23.4 10.8 0.92 
Co 46.0 6.0 0.26 26.8 11.2 0.84 
TaBLeE VI 


Effects of inhibitors which act between cytochromes b and 
c on oxidation and phosphorylation 
Reaction conditions as described in Table I. Antimycin added 
in 95% ethanol solution, but equivalent amounts of alcohol did 
not have any inhibitory effect on the controls. 






































Succinate Citrate 
Inhibitor Concentration 

On Pj P:0 Oz P; | P:O 

QO* 0 14.1) 19.0) 1.35) 7.1) 15.7) 2.22 
1X 10° 9.0) 7.7| 0.86) 4.8) 8.6] 1.79 

3X 10-* 7.5) 4.5) 0.60) 3.9) 3.2) 0.82 

1X 105m 5.0} 2.5) 0.50) 2.9) 2.2) 0.76 

Antimycin 0 14.2) 20.5) 1.44) 15.0) 39.5) 2.64 
0.1 wg per ml 6.0} 5.5) 0.92) 9.8) 16.8) 1.72 

0.3 wg per ml 5.9} 1.6) 0.27; 9.0) 8.5) 0.94 





* QO, 2-heptyl-4-hydroxyquinoline-N -oxide. 


TaBLe VII 


The nonadditive nature of the inhibitions caused by CO and QO 
Reaction conditions as described in Table I. 




















Succinate Citrate 
Inhibitor 

Oz Pj P:0 Oz Pi P:0 

puatoms)| patoms patoms| patoms 
0 13.5) 19.3) 1.43) 10.2) 27.7| 2.72 
CO-O, (4:1) 9.0} 8.2) 0.91) 9.6} 21.4] 2.23 
1 X 10-* mu QO 5.4) 2.5) 0.46) 8.0) 15.4) 1.93 
CO-O;2 (4:1) + 10-* m QO 6.0) 4.1) 0.68) 7.9) 14.9] 1.89 




















(4:1) when succinate was the substrate ranged from 15 to 67%. 
In ten experiments with CO-O, (4:1), the average lowering of 
the P:O ratio, relative to the control, was 30% for succinate 
and 18% for citrate. Similar values were obtained with CO-O, 
mixtures, 9:1. 

Experiments were next designed to determine whether this 
uncoupling action of CO is in fact due solely to the reaction be- 
tween CO and cytochrome oxidase, or whether some other com- 
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ponent involved in phosphorylation also combines with CO, 
The inhibition of phosphate uptake depends on the CO-O; ratio, 
rather than on the concentration of CO alone, and can be com- 
pletely reversed by light (Table IV). Some phosphorylation 
can be demonstrated during the anaerobic reduction of ferri- 
cyanide by succinate and citrate, but this is not significantly 
inhibited by CO (Table V). Spectrophotometric observations 
support the view that CO combines only with the terminal 
oxidase: when CO is bubbled through a mitochondrial suspension 
which has been reduced enzymatically with DPNH, the differ- 
ence spectrum, (CO + DPNH) — (DPNH), shows a single 
trough at 443 my and a single peak at 430 my (cytochrome 
a;-CO). (When hydrosulfite is used to reduce the respiratory 
components, the peak of the CO complex shifts to 420 and 425 
my, suggesting that CO can combine with an additional com- 
ponent, possibly a peroxidase, which is not in the respiratory 
chain.) The above findings support the view that all of the 
inhibition of phosphorylation by CO is the result of a specific 
reaction with cytochrome oxidase. 

It would be of interest to know whether interference with 
electron transfer at other loci within the cytochrome system can 
affect the P:O ratio. At least two inhibitors, antimycin A and 
QO, are known to act specifically between cytochromes b and c. 
Low concentrations of these compounds inhibit the oxidation of 
succinate and citrate by sweet potato mitochondria, but they 
have an even greater effect on the associated phosphorylations 
(Table VI). In every case the P:O ratio is lowered, and at the 
higher inhibitor concentrations the absolute decrease in the ratio 
is greater than 1.0. The average lowering of the P:O caused 
by 10-* m QO was 35% for succinate and 18% for citrate. In 
the presence of 10-* m QO, replacing the air in the gas phase 
with a CO-O, (4:1) mixture did not cause any further decrease 
in either oxygen or phosphate uptake, suggesting that the effects 
of these inhibitors are not additive (Table VII). 

A number of inhibitors which act on the respiratory chain 
between the substrate and the cytochrome system were also 
examined. Amytal normally blocks the oxidation of DPNH by 
flavoprotein, but in nonphosphorylating preparations it can also 
act between flavoprotein and cytochrome 6 (15). Table VIII 
shows that the oxidations by sweet potato mitochondria are 
only slightly inhibited by concentrations of Amytal which com- 
pletely block oxidation in mammalian mitochondria; in this 
respect they resemble skunk cabbage particles (16). The fact 
that relatively high concentrations cause some decrease in the 
oxygen uptake and the P:0O ratio with both citrate and succinate, 
suggests that this is not a specific effect on DPNH reoxidation. 

Malonate was used to inhibit succinate oxidation at the sub- 
strate level. In marked contrast to the effects obtained with 
other inhibitors, the oxygen uptake was more sensitive than the 
phosphate uptake, with the result that the P:O ratio was actually 
increased (Table VIII). In four experiments, 3 x 107° m 
malonate increased the P:O for succinate an average of 48%, 
while the oxidation was being inhibited 62%. This result indi- 
cates clearly that a decrease in the rate of electron flow to oxygen 
per se does not lead to a decrease in the P:O ratio. 

Since isocitric dehydrogenase contains an essential —SH group 
which combines with iodoacetate (17), this agent was used as a 
substrate-level inhibitor of citrate oxidation. At 1 xX 10~ Mm, 
iodoacetate inhibits citrate oxidation by sweet potato mitochon- 


1 The abbreviation used is: QO, 2-heptyl-4-hydroxyquinoline- 
N-oxide. 


July 19 


Effec 


React 


y taal 
Inh 


—_—— 


Amytal 


Malona 


Iodoac 


p-Chlo 
curil 





dria, | 
(Table 
1x1 
a sign 
concel 
assign 
agent, 
the r 


Th 
the ¢ 
from 
whicl 
tron- 
from 
the r 
bility 
simp 
the « 
argue 
entir 
these 
How 
elimi 
block 
theo: 
on tl 
ent | 
the | 

0} 
tive 
resp 
char 
stat 
men 
evid 
cho 





No. 7 


1 CO, 
ratio, 
- COM- 
lation 
ferri- 
cantly 
ations 
minal 
snsion 
differ- 
single 
hrome 
ratory 
d 425 
com- 
ratory 
of the 
pecific 


- with 
m can 
A and 
and ¢. 
ion of 
; they 
ations 
at the 
» ratio 
aused 
>» In 
phase 
crease 
ffects 


chain 
2 also 
1H by 
n also 
VIII 
ia are 
, Com- 
1 this 
e fact 
in the 
‘inate, 
ation. 
e sub- 
| with 
in the 
tually 
0 m 
48%, 
; indi- 
xygen 


group 
dasa 
)-* Mm, 
ychon- 


oline- 





July 1960 


TaBLe VIII 


Effects of inhibitors which act between the substrate and the 
cytochrome system on oxidation and phosphorylation 


Reaction conditions as described in Table I. 























Succinate Citrate 
Inhibitor Concentration 
O2 Pi P:0 O: Pi P:0 
Amytal 0 20.2) 32.4) 1.61) 12.8) 32.3) 2.52 
1 X 10°? o | 17.4] 28.8) 1.66) 12.4) 29.1) 2.35 
3 X 10°? m | 15.5) 16.3) 1.05) 10.6) 20.5) 1.94 
Malonate 0 13.8} 17.8) 1.29 
1X 10*m 9.0) 13.5) 1.50 
3X 10% mM 4.9} 8.5) 1.74 
lodoacetate 0 10.6} 24.2) 2.28 
1X 10-*m 7.3| 20.2) 2.77 
p-Chloromer- 0 10.6] 24.2) 2.28 
curibenzoate 1X 10-5 20.5) 2.23 





























dria, but at the same time it increases the P:O roughly 20% 
(Table VIII). p-Chloromercuribenzoate, at a concentration of 
1 X 10-5 M, inhibited citrate oxidation slightly without causing 
a significant change in the P:O ratio (Table VIII); at higher 
concentrations the P:O was lowered. Although it is difficult to 
assign a single specific site of action to any —SH combining 
agent, the results indicate clearly that it is possible to decrease 
the rate of citrate oxidation without lowering the P:O ratio. 


DISCUSSION 


The results show that interference with electron transport in 
the cytochrome system can partially dissociate phosphorylation 
from oxidation in sweet potato mitochondria. This effect, 
which is the consequence of specific interactions with the elec- 
tron-transferring components, appears to differ fundamentally 
from the uncoupling action of those agents which interfere with 
the reactions linking phosphorylation to oxidation. The possi- 
bility that the differential inhibition of phosphate uptake is due 
simply to the decrease in rate of electron flow is eliminated by 
the experiments with substrate-level inhibitors. It might be 
argued that these preparations oxidize the substrates via two 
entirely separate respiratory pathways, and that only one of 
these is inhibitor-sensitive and coupled to phosphorylation. 
However, the relative amounts of phosphate and oxygen uptake 
eliminated by the inhibitors indicate that the P:O ratio of the 
blocked respiratory pathway would have to be greater than the 
theoretical maximum. It also seems improbable that malonate, 
on the one hand, and CO and QO, on the other, react with differ- 
ent respiratory chains. What then is the mechanism whereby 
the P:O ratio is lowered? 

One possible explanation is that phosphorylation is more sensi- 
tive than oxidation to changes in the steady-state levels of the 
respiratory components. This would imply that the free energy 
change available for phosphorylation depends upon the steady- 
state concentrations of the carriers, and as yet there is no experi- 
mental evidence to support this view (2). There is some 
evidence that the oxidation state of the carriers in liver mito- 
chondria can influence the partial reactions of oxidative phos- 
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phorylation (18), but this possibility remains to be tested with 
the sweet potato preparations. 

Another possible explanation is that there is a second respira- 
tory pathway to oxygen and that electron flow can be diverted 
by certain inhibitors into this nonphosphorylating pathway. 
The uncertainty as to the exact contribution of each of the three 
phosphorylation sites to the over-all P:O ratios makes it difficult 
to localize such a bypass precisely. The fact that the percent- 
age reduction of the P:O is generally greater with succinate than 
with citrate suggests that the three sites are not equally sensi- 
tive and that the extra step which is unique to citrate is the 
least sensitive. On the basis of the available data, the most 
likely locus of such a bypass to oxygen would appear to be at 
the level of cytochrome b, as suggested in the following diagram 
of the respiratory chain. 


Malonate 


Succina HCN 


co 


g 


timycin 


Citrate...» DPN...» FP. C——-» @|-14;, ——_» O; 


~ ~P ~P 

Previous spectrophotometric studies have shown that the cyto 
chrome 6 component of some plant mitochondria remains largely 
oxidized even when most of the c-a-a3 components have been 
reduced by inhibitors, and a “cytochrome b oxidase hypothesis” 
has been proposed to account for inhibitor-resistant plant res- 
piration (see (4)). The present findings lend some support to 
this hypothesis and to the view that the inhibition of various 
energy-requiring processes in plant tissues, in the absence of any 
inhibition of oxygen uptake, results from a preferential effect of 
inhibitors on phosphorylation. 

There is reason to believe that the type of modified respira- 
tory system considered here may be found in other tissues. The 
fact that CO inhibits the Pasteur effect in some animal tissues 
without affecting the respiratory rate (19) is suggestive. Re- 
cently, Kimura and Singer (20) have provided evidence for the 
existence of an inhibitor-resistant pathway from choline to oxy- 
gen in isolated liver mitochondria; they suggest that the inhibi- 
tor causes a “leak’’ to develop in the respiratory chain at the 
level of cytochrome b. Keilin (21) originally observed the au- 
toxidizability of cytochrome b, but definite proof that this reac- 
tion with oxygen can proceed at an appreciable rate is still lack- 
ing. Probably the best illustration of the ability of inhibitors 
to influence the pathway of electron flow is provided by the 
demonstration that in bacteria containing two or more terminal 
oxidases, the relative contribution of each to the total respira- 
tion is altered by the addition of CO (22). 


SUMMARY 


The influence of respiratory chain inhibitors on oxidative 
phosphorylation in sweet potato mitochondria has been exam- 
ined. With the use of succinate and citrate as substrates, it has 
been shown that phosphorylation is more sensitive than oxida- 
tion to the inhibitory effects of cyanide, azide, carbon monoxide, 
antimycin, and 2-heptyl-4-hydroxyquinoline-N-oxide, all of 
which lower the P:O ratio. The evidence indicates that this 
results from a specific interference with electron transport within 
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the cytochrome system, either at the oxidase level or between 


cytochromes 6 and c. 
the substrate level does not lower the P:O ratio. 


In contrast, inhibition of oxidation at 
The results 


are compatible with the hypothesis that inhibitors acting be- 
tween cytochrome 6 and oxygen can divert electrons to an alter- 
nate, nonphosphorylating respiratory pathway. 


eS) 
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Pullman et al. (1) have demonstrated that reduction of di- 
phosphopyridine nucleotide occurs in the 4 position of the pyri- 
dine ring. Their proof consisted in demonstrating that deu- 
terated diphosphopyridine nucleotide, when degraded, gave a 
mixture of the 2- and 6-pyridones of nicotinamide which still 
retained all of the deuterium which must, therefore, have been 
located in the 4 position. Furthermore, it has been shown in- 
dependently by Mauzerall and Westheimer (2) and Loewus et al. 
(3) that only the coenzyme prepared from nicotinamide deu- 
terated in the 4 position is capable of transferring deuterium. 
The 1,4-dihydro structure has not only been proved for DPNH 
but for the model compounds nicotinamide methochloride (4) 
and nicotinamide benzylochloride (2) as well. Recently Hutton 
and Westheimer (5) have furnished conclusive proof of the 1 ,4- 
dihydro structure of the nicotinamide methochloride by nuclear 
magnetic resonance studies of 2-, 4-, and 6-deuterated deriva- 
tives. Although further evidence is scarcely necessary, in con- 
nection with other studies we had observed the unmistakable 
differences in the infrared spectra of the isomeric 2-, 4-, and 
6-deuteronicotinamides and have made use of this in further 
) direct proof of the 1,4-dihydro structure of DPNH. 


EXPERIMENTAL PROCEDURE! 


Nicotinamide-2-d—Nicotinic-2-d acid was prepared (2) in 71% 
yield by decarboxylation at 200° of quinolinic acid, 4 g, which 
had been equilibrated three times with 5 ml of 99.5% deuterium 
oxide. The acid was converted to the amide through the ethyl 
ester by the method of La Forge (6), and the nicotinamide 
purified by vacuum sublimation at 90°; m.p. 126-127°; deuterium 
analysis: 0.58 deuterium atom per molecule. 

Nicotinamide-6-d—This compound was prepared (2) and puri- 
fied in the same manner as nicotinamide-2-d, starting with iso- 
cinchomeronic acid; m.p. 127-128°; deuterium analysis: 0.66 
deuterium atom per molecule. 

Nicotinamide-4-d—Nicotinic-4-d acid was prepared (2) by 
decarboxylation of deuterated cinchomeronic acid to give a 


*This work was supported in part by a grant (No. 5248) from 
the United States Public Health Service, which we gratefully 
acknowledge. 

' All melting points are uncorrected. Infrared spectra were 
taken on a Beckman model 21 double-beam spectrometer in potas- 
sium bromide pellets of approximately 150 mg of potassium bro- 
mide and 2.5 mg of the compound. Deuterium was determined 
by burning the compound to water and converting this to hydro- 
gen and deuterium in an apparatus similar to that of J. Graff and 
D. Rittenberg, Anal. Chem., 24, 878 (1952).  Hydrogen-deuterium 
ratios were determined by mass spectrographic analyses by Stan- 
ford Research Institute, Menlo Park, California. 
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mixture of nicotinic-4-d acid and isonicotinic-3-d acid. Frac- 
tional crystallization failed to give a pure product, but purifica- 
tion was accomplished by gas chromatographic separation of the 
ethyl esters on a column (15 feet x 4 inch) of isosorbide dipel- 
largonate. The collected ester was converted to the amide with 
concentrated ammonia solution and purified by sublimation; 
m.p. 126-127°; deuterium analysis: 0.69 deuterium atom per 
molecule. 

Reduction, Oxidation, and Cleavage of DPN—DPN, 1 g (Cali- 
fornia Corporation for Biochemical Research), was reduced with 
sodium hydrosulfite in 20 g of deuterium oxide and oxidized 
with neutral potassium ferricyanide by the method of Pullman 
et al. (1). The DPN was cleaved with dilute sulfuric acid by 
the method of Warburg et al. (7) to yield 53 mg of nicotinamide, 
purified by sublimation; m.p. 127-128°; deuterium analysis: 0.49 
deuterium atom per molecule. 


RESULTS AND DISCUSSION 


The infrared spectra of the authentic samples of nicotinamide- 
2-d (B, 0.58 deuterium atoms per molecule), nicotinamide-6-d 
(C, 0.66 deuterium atoms per molecule), and nicotinamide-4-d 
(D, 0.69 deuterium atoms per molecule) are compared with that 
of nicotinamide itself (A) in Fig. 1. It is immediately apparent 











WAVELENGTH MICRONS 





i BO mee mem ern 


Fra. 1. Infrared spectra of nicotinamide (A), nicotinamide-2- 
(B), nicotinamide-6-d (C), nicotinamide-4-d (D), and nicotinam- 
ide from deuterated DPN (2£). 
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that these three isomers can be unequivocally distinguished by 
this means. 

A sample of deuterated nicotinamide was prepared from DPN 
by reduction with dithionite in deuterium oxide (1) to DPND, 
nonenzymatic oxidation back to DPN, and degradation by 
hydrolysis with dilute acid (7) to the nicotinamide. Nonen- 
zymatic reduction and oxidation of the coenzyme are not stereo- 
specific and thus the recovered nicotinamide contained 0.49 atom 
of deuterium per molecule. The infrared spectrum of this sample 
of deuterated nicotinamide (£) is seen to be identical to that of 
nicotinamide-4-d (D) and nonidentical to that of nicotinamide-2-d 
(B) and nicotinamide-6-d (C) with the exception of two very 
weak bands at 13.73 uw and 14.73 y in the authentic sample which 
are not in the sample from DPN. They are undoubtedly due 
to the 17% greater deuterium content in the authentic sample. 
This constitutes positive proof that dithionite-reduced DPN, 
which has been shown (1) identical with enzymatically reduced 
DPN, has undergone reduction at the 4 position and not at 
either the 2 or 6 position. 


1,4-Dihydro Structure of DPNH 


Vol. 235, No.7 


SUMMARY 


Diphosphopyridine nucleotide was converted to the reduced 
form by dithionite reduction in deuterium oxide and then de. 
graded to a deuterated nicotinamide which was proved by direct 
comparison of infrared spectra to be identical to an authentic 
sample of nicotinamide-4-d and nonidentical to nicotinamide-2-d 
and nicotinamide-6-d. 
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The present studies are concerned with the determination of 
the steric course of the transfer of hydrogen catalyzed by hy- 
droxysteroid dehydrogenases. The classic work of Vennesland 
et al. (1-3) has demonstrated that pyridine nucleotide-linked 
dehydrogenases catalyze a direct and stereospecific transfer of 
hydrogen between the substrate and the para position of the 
nicotinamide ring of the nucleotide. With the aid of deuterium 
labeling, it was possible to distinguish two classes of dehydro- 
genases which transferred the isotope respectively to give one 
or the other of the two diastereomeric forms of reduced diphos- 
phopyridine nucleotide-nicotinamide-4-d. The first three en- 
zymes to be studied (the dehydrogenases for alcohol, t-lactate, 
t-malate) all had the same stereospecificity of hydrogen transfer, 
which was designated as a (or side I)! in the absence of infor- 
mation on the absolute configuration (4-6). In 1955, two other 
pyridine nucleotide-linked enzymes were shown likewise to 
catalyze a direct transfer of hydrogen, but to utilize the other 
diastereomeric form of reduced DPN in which the reacting hy- 
drogen was designated as 8 (side II). These enzymes were the 
6-hydroxysteroid dehydrogenase of Pseudomonas testosteroni 
which catalyzed the DPN-dependent interconversion of testos- 
terone and 4-androstene-3, 17-dione (7), and the pyridine nucleo- 
tide transhydrogenase of Pseudomonas fluorescens (8). Subse- 
quently, other dehydrogenases which transfer hydrogen to one 
or the other side of the nicotinamide ring have been described. 
These studies have been recently extended to several TPN- 
linked enzymes where analogous stereospecificity with respect 
to the pyridine nucleotide was observed (9-11). The basic 
significance of the two types of stereospecificity among these 
hydrogen transferring reactions has remained obscure. It has 
been suggested that metabolic coupling of reactions between 
enzymes of opposite stereospecificity without dissociation of DPN 
might be facilitated (12). This argument is strengthened by 
the finding that, for instance, the bound DPN of triosephosphate 
dehydrogenase (side II stereospecificity) reacts more rapidly with 
lactic dehydrogenase (side I stereospecificity) than does free DPN 
(18). 

Recently, specific dehydrogenases which catalyze the oxida- 
tion of either member of an enantiomorphic pair of substrates 


* Supported by grants from the American Cancer Society. 

+ Supported by a permanent faculty-level grant from the Ameri- 
can Cancer Society. 

1 The designations side I and side II are used in the text in pref- 
erence to a and £, respectively, in order to avoid confusion with 
the symbols of steroid nomenclature. 


have been studied. Separate DPN-linked p- and t-lactic dehy- 
drogenases from Lactobacillus arabinosus were shown to remove 
hydrogen from the same side (side I) of the pyridine ring of 
DPNH and to add it stereospecifically to pyruvate (14). The 
present studies likewise show that there is no apparent relation 
between the steroespecificity for substrate and for the pyridine 
nucleotide for reactions catalyzed by hydroxysteroid dehydro- 
genases. 

8-Hydroxysteroid dehydrogenase of Pseudomonas testosteroni 
is a highly purified steroid-induced enzyme which promotes the 
DPN-linked interconversion of 38- and 178-hydroxysteroids 
and their respective ketones (15, 16). The stereospecificity of 
hydrogen transfer by this enzyme during the reduction of 4-an- 
drostene-3 , 17-dione to testosterone has been previously reported 
to involve side II (7). The present experiments show that side 
II stereospecificity is also observed for the oxidation-reduction 
of 38-hydroxysteroids, in the following reaction: 


~ fon + DPN+ —> 
uo’ 


Epiandrosterone 


O 
a 
| 4 _____! + DPNH + H+ 
aon 


Androstane-3, 17-dione 


3a-Hydroxysteroid dehydrogenase has been obtained as a 
highly purified induced enzyme from Pseudomonas testosteroni 
(15, 16). It will be shown that the stereospecificity of the latter 
enzyme also involves side II of the nicotinamide ring of DPN: 


A + DPN+ —— > 
oy 


Androsterone 


(1) 


(2) 
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O 


| —_—' + DPNH + H* 
she 
oO H 


Androstane-3, 17-dione 


A 176-hydroxysteroid dehydrogenase for estradiol-178 has 
been characterized and purified from human placenta (17, 18). 
This enzyme interconverts estradiol-178 and estrone. The rate 
of reaction is comparable when either DPN or TPN is used. 
This enzyme may also act as a pyridine nucleotide transhydro- 
genase in the presence of catalytic quantities of estradiol-17(. 
This process may be visualized as follows (18, 19): 


H+ + DPNH + estrone = DPN* + estradiol-178 
TPN* + estradiol-178 —= TPNH + estrone + H* (3) 
DPNH + TPN*+ = TPNH + DPN*+ 





The stereospecificity of the placental enzyme for pyridine 
nucleotides has been studied in the following reactions: 


Estradiol-178 + DPN*+ — estrone + DPNH + Ht (4) 
Estradiol-176 + TPN*+ — estrone + TPNH + H+ (5) 

DPNH + 3-acetylpyridine-DPN*t — 
DPN* + 3-acetylpyridine-DPNH (6) 


These reactions were selected for study because they could be 
catried to completion in the indicated direction. 

In all of the experiments, tritium was employed as a tracer, 
and for this purpose DPN-nicotinamide-4-t? and TPN-nicotin- 
amide-4-t were prepared by decomposing the alkaline cyanide 
complexes of the nucleotides in the presence of tritium oxide 
enriched water, according to the procedure described by San 
Pietro (20) for preparing DPN-nicotinamide-4-d. The use of 
tritium-labeled pyridine nucleotides in conjunction with liquid 
scintillation counting has substantially simplified the experi- 
ments on enzyme stereospecificity, since sample burning and 
mass spectrometry which are necessary for deuterium tracer 
studies are avoided. Moreover, the radioactive tracer provides 
potentially greater sensitivity. Isotope discrimination effects 
probably introduced little, if any, error in these experiments 
because all oxidations and reductions of the nucleotides were 
carried to completion. Vennesland and colleagues (21) have 
recently established the stereospecificity of malic enzyme with 
the use of TPN-nicotinamide-4-t. 


EXPERIMENTAL PROCEDURE 


Steroids—Estradiol-178 (m.p. 176-177°) and epiandrosterone 
(m.p. 172-176°) were purified from commercial preparations. 
Androsterone (m.p. 183-185°) was synthesized from epiandros- 
terone. 

Enzymes—3a-Hydroxysteroid dehydrogenase (specific activity 
30,600 units per mg of protein) and (3 and 17) 8-hydroxysteroid 
dehydrogenase (specific activity 94,200 units per mg of protein) 


?The abbreviations used are: DPN-nicotinamide-4-t (or 
DPN (t)*) for the oxidized DPN carrying tritium in position 4 of 
the nicotinamide ring; TPN-nicotinamide-4-t (or TPN (t)*) for the 
corresponding oxidized TPN analogue; DPNT and TPNT for the 
corresponding tritium-containing reduced forms to DPN (t)* and 
TPN(t)*, respectively. 
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were purified from Pseudomonas testosteroni, by the procedure of 
Marcus and Talalay (15). The placental 178-hydroxysteroid 
dehydrogenase was prepared by slight modifications of the pro- 
cedure of Talalay et al. (18), and had specific activities of 96 to 
112 units per mg of protein. Twice crystallized yeast alcohol 
dehydrogenase was obtained as a suspension in 50% ammonium 
sulfate from the Sigma Chemical Company. Crystalline liver 
glutamic dehydrogenase was likewise a suspension in ammonium 
sulfate obtained from C. F. Boehringer und Soehne, Mannheim, 
Germany. Diphosphopyridine nucleotidase was prepared from 
zinc-deficient Neurospora by the method of Nason et al. (22). 

Other Materials—Nicotinamide (m.p. 127—128°) was recrystal- 
lized from benzene. 1t-Glutamic acid (m.p. 200—-202°) was re- 
crystallized from hot water. a-Ketoglutaric acid (m.p. 114 
115°) was recrystallized from ether and from benzene, and was 
a gift of Dr. B. K. Stern. DPN, TPN, and the 3-acetylpyridine 
analogue of DPN were purchased from the Pabst Laboratories. 

Preparation of Tritium-labeled Pyridine Nucleotides—DPN- 
nicotinamide-4-t was prepared by decomposition of the basic 
cyanide addition complex of DPN in the presence of water en- 
riched with tritium oxide, as described by San Pietro (20) for 
the preparation of the corresponding deuterium containing 
pyridine nucleotide. Five millimoles of KCN were dissolved 
in 3.0 ml of water containing about 150 me of HTO. Then, 
952 umoles of DPN and 0.1 ml of 5 n KOH were added. The 
resulting yellow solution was allowed to stand at room tempera- 
ture for 2.25 hours and then 1.5 g of KH2PO, (in 10 ml of H,0) 
were added. Nitrogen was bubbled through the reaction mix- 
ture until the odor of HCN was no longer detectable (4 hours 
were adequate). The reactions were carried out with precau- 
tions to trap radioactive water vapors. The volume was then 
increased to 48 ml by the addition of 35 mlof H,O. The mixture 
was acidified by addition of 2.8 ml of 2 N HCl to a pH below 3. 
More Nz was bubbled through the solution, but no HCN was 
detected. The addition of 5.5 volumes of cold acetone (—20°) 
resulted in the formation of a silky tan precipitate which was 
permitted to accumulate overnight at —20°. The supernatant 
liquid was decanted and the precipitate washed three times with 
cold acetone. The precipitate was then dissolved in water and 
the pH raised to 8.0 by addition of 0.25N NaOH. This material 
was then chromatographed on a Dowex 1-formate column as 
described by Kornberg (23). The DPN-containing fractions 
were combined, acidified to a pH below 3.0 by addition of 2 nN 
HCl, and the nucleotide precipitated and dried with acetone. 
After drying in a vacuum, the yield was 50 mg which upon assay 
with ethanol and alcohol dehydrogenase was 76% pure (assum- 
ing a mol. wt. of 663). The specific activity was at various times 
determined to be 3340 to 4270 c.p.m. per umole, depending on 
counting efficiency and decay. 

TPN-nicotinamide-4-t was prepared similarly and was a gift 
of Mr. W. M. Normore. It hada specific activity of 1100 c.p.m. 
per umole. 

Hydrolysis of Nucleotides and Isolation of Nicotinamide—The 
nicotinamide-ribose bond of DPN+ and TPN*+ may be readily 
and quantitatively cleaved by Neurospora diphosphopyridine 
nucleotidase, and this procedure was utilized in one of the ex- 
periments. In most instances, this bond was cleaved by a slight 
modification of the method of Marcus et al. (24) which is based 
on earlier observations of Colowick et al. (25) on the heat lability 
of the nicotinamide-ribose linkage in the presence of phosphate. 
Quantitative release of nicotinamide was obtained by heating 
for 20 minutes at 100° at pH 10 to 10.2 in the presence of 0.22 
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m phosphate. Appropriate and accurately known quantities 
of nicotinamide were then added, the pH was lowered to 7 by 
addition of HCl, and the volume of the solution was increased 
to about 80 ml. The solution was extracted with ether for 40 
to 45 hours in a continuous liquid-liquid extractor of the Kuts- 
cher-Steudel type. Preliminary experiments indicated that 
under these conditions, quantitative extraction of the nicotin- 
amide was obtained. The ether extract was evaporated to dry- 
ness On a rotary evaporator, and the nicotinamide residue was 
recrystallized twice from benzene. In some instances, the nico- 
tinamide was crystallized once and then sublimed at 80° under 
reduced pressure (less than 1 micron Hg pressure) in a micro- 
sublimator. 

Determination of Tritium Content of Nicotinamide—The radio- 
activity of the nicotinamide was determined in a Packard Tri- 
Carb liquid scintillation spectrometer. Accurately weighed 
samples of the isolated nicotinamide (4 to 14 mg) were dissolved 
in 0.3 ml of H,O in a counting bottle. Five milliliters of abso- 
lute ethanol and 10 ml of scintillator solution were added. The 
scintillator solution had the following composition: 7.5 g of 
2,5-diphenyloxazole, 75 mg of 1,4-bis-2-(5-phenyloxazolyl)- 
benzene, 120 g of recrystallized naphthalene, 500 ml of dioxane 
(distilled from calcium hydride), and 500 ml of xylene (26). 
The counting efficiency was determined from an aliquot of an 
HTO standard obtained from the National Bureau of Standards. 
The efficiency of counting was of the order of 10 to 15%. The 
counting was carried out for a sufficient time to give an accuracy 
of at least +5%. 

Isolation and Determination of Tritium Content of Glutamic 
Acid—A direct measure of the transfer of tritium from reduced 
pyridine nucleotide to t-glutamic acid was obtained by isolating 
the 1-glutamate produced by the reaction between reduced 
pyridine nucleotide, a-ketoglutarate, NH,*, and crystalline 
glutamic dehydrogenase (side II stereospecificity). Both nico- 
tinamide and glutamic acid were isolated from the same reaction 
mixture, and thus a measurement obtained of both the tritium 
remaining in the pyridine nucleotide and that transferred to the 
a-ketoglutarate to give glutamate. Nicotinamide was cleaved 
from the oxidized pyridine nucleotide by heating in 0.2 m phos- 
phate of pH 10 to 10.2, as described above. Carrier nicotin- 
amide and glutamic acid were then added. Ether extraction of 
the alkaline aqueous phase removed the nicotinamide. When 
this was completed, the pH of the aqueous phase was reduced 
to 3.0 with HCl. The solution was concentrated to 1 to 5 ml 
on a rotary evaporator under reduced pressure. The residue 
was filtered and the glutamic acid permitted to crystallize at 4°. 
The product was recrystallized twice from hot water. 

Because of the extremely low solubility of the glutamic acid 
in scintillation fluids, it was not easy to count the acid directly. 
Accordingly, the glutamic acid was oxidized to nitrogen, carbon 
dioxide, and water by the procedure of Jacobson et al. (26). 
The resultant water was counted in the manner described for 
counting nicotinamide, with a total amount of water of 0.3 ml 
in each counting cup. 


EXPERIMENTAL RESULTS AND DISCUSSION 


Oxidation of Androsterone and Epiandrosterone 


The stereospecificity of hydrogen transfer for DPN was deter- 
mined during the course of the oxidation of epiandrosterone by 
8-hydroxysteroid dehydrogenase (Equation 1) and of androster- 
one by a-hydroxysteroid dehydrogenase (Equation 2). In ex- 
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periments with each enzyme, limiting quantities of DPN-nico- 
tinamide-4-t were completely reduced in the presence of excess 
steroid. The hydroxysteroid dehydrogenase was heat inacti- 
vated, and the reduced nucleotide was then completely reoxi- 
dized by either: (a) crystalline yeast alcohol dehydrogenase 
(which removes hydrogen from side I); or (6) crystalline glu- 
tamic dehydrogenase (which removes hydrogen from side II). 
The nicotinamide was isolated from the oxidized nucleotide in 
each case and its radioactivity determined. 

In a typical experiment, the reaction system contained in a 
final volume of 20 ml: 4.5 mmoles of sodium phosphate buffer 
of pH 10.2, 2 wmoles of androsterone or epiandrosterone in 0.3 
ml of dioxane, approximately 1 umole of DPN-nicotinamide-4-t 
and 300 units of 3a- or 1880 units of 8-hydroxysteroid dehydro- 
genase. A control system contained all components except the 
steroid. The total change in absorbancy at 340 my resulting 
from the enzymatic reaction was determined. This change in 
absorbancy was used to calculate the precise quantity of DPN- 
nicotinamide-4-t originally added to the reaction system. When 
the nucleotide was completely reduced, the mixture was heated 
with agitation at 100° for 2 minutes to inactivate the hydroxy- 
steroid dehydrogenases. After cooling, the absorbancy at 340 
my was redetermined and had usually changed by only 1 or 2%. 

The reoxidation of the reduced nucleotide by alcohol dehy- 
drogenase was accomplished by adding 10 wmoles acetaldehyde, 
lowering the pH to 7 by the slow addition of 1.2 n HCl and by 
adding 0.02 ml of a 1:10 dilution of the crystalline yeast alcohol 
dehydrogenase suspension. The reoxidation of the reduced 
nucleotide by glutamic dehydrogenase occurred upon the addi- 
tion of 1.4 mmoles of NH,Cl and 60 wmoles of a-ketoglutarate, 
lowering the pH to 7 with 1.2 n HCl, and adding 0.1 ml of a 
1:50 dilution of crystalline glutamic dehydrogenase. The re- 
oxidations by alcohol and glutamic dehydrogenases were fol- 
lowed by absorbancy measurements at 340 my. When the 
reduced nucleotide was completely reoxidized, the pH of the 
reaction mixtures was raised to 10.2 by addition of NaOH, and 
the system heated with agitation at 100° for 20 minutes. Car- 
rier nicotinamide was then added and the nicotinamide isolated 
and purified as described. 

The results of representative experiments are shown in Table 
I. The results show clearly that the bacterial enzymes transfer 
the 38-hydrogen of androsterone and the 3a-hydrogen of epian- 
drosterone to side II of the pyridine ring, thus shifting the 
tritium to side I. In the subsequent reoxidation of the reduced 
nucleotide, alcohol dehydrogenase (side I stereospecificity) re- 
moves at least 95% of the tritium, whereas reoxidation with 
glutamic dehydrogenase (side II stereospecificity) results in 
retention of the major part (73.6 to 95.6%) of the isotope in the 
nicotinamide. It may also be concluded that the tritium in the 
original DPN-nicotinamide-4-t prepared by the San Pietro pro- 
cedure (20), is virtually all located at the para position of the 
nicotinamide ring, since it is removed almost completely by 
appropriate enzymatic reactions. Several factors may con- 
tribute to the apparently incomplete tritium retention (73.6 and 
83.0%) in one pair of the reoxidations with glutamic dehydro- 
genase. The most likely error is an underestimate of the specific 
activity of the isolated nicotinamide, possibly due to the pres- 
ence of impurities. This nicotinamide had a m.p. of 127- 
127.5°, but was not sublimed. Subsequent samples were sub- 
limed and more complete retention of the isotope was observed. 

Androsterone and epiandrosterone are diastereomers contain- 
ing a single epimeric hydroxyl group, yet the same side of the 
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Stereospecificity of hydrogen transfer by Pseudomonas 
a- and B-hydrozysteroid dehydrogenases 
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8a-Hydroxysteroid dehydrogenase 
Androsterone + DPN(t)* — 
androstane-3,17-dione + DPNT + H* 





peter umole pmoles | c.p.m. %t 

Alcohol dehydrogenase | 4270 | 0.915) 261 | 63 0} 0.0 

Alcohol dehydrogenase | 4270 | 0.950) 252 | 64 8 | 0.8 

Glutamic dehydrogen- | 4200 | 0.945) 252 | 62.2 | 762 | 73.6 
ase 

Glutamic dehydrogen- | 4200 | 0.943) 253 | 62.2 | 855 | 82.6 
ase 




















B-Hydrozysteroid dehydrogenase 
Epiandrosterone + DPN(t)* — 
androstane-3,17-dione + DPNT + Ht 
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nicotinamide ring is used by the two enzymes which oxidize 
these compounds. This clearly demonstrates that the configura- 
tion of the carbon atom, to and from which hydrogen is trans- 
ferred, does not dictate the stereospecificity of the hydrogen 
transfer to the pyridine nucleotide. Analogous conclusions were 
reached from recent studies with specific p- and t-lactic dehy- 
drogenases which were shown to remove hydrogen from the 
same side (side I) of the pyridine ring of DPNH and to add it 
to pyruvate to give the two enantiomorphs of lactic acid (14). 


178-Hydroxysteroid Dehydrogenase of Placenta 


Dehydrogenase Function—The oxidation of estradiol-178 by 
DPN (Equation 4) was studied in a system which contained in a 
final volume of 20 ml: 4.5 mmoles of sodium phosphate buffer 
pH 10.0, 2 umoles of estradiol-176 in 0.3 ml of acetone, 1 ymole 
of DPN-nicotinamide-4-t, and 19.2 units of partially purified 
placental 178-hydroxysteroid dehydrogenase. A control system 
contained all ingredients except the steroid. When the reduction 
of the DPN-nicotinamide-4-t was complete, as judged by the 
change in absorbancy at 340 my, the enzyme was inactivated by 
boiling for 5 minutes, The reduced nucleotide was oxidized 
with glutamic dehydrogenase, as described above for the bac- 













































































TaBLe III 
Alcohol dehydrogenase | 4250 | 0.840) 285 | 65.5) 56 | 5.7 Stereospecificity of transhydrogenase function of placental 
Alcohol dehydrogenase | 4250 | 0.801) 298 | 64.7 13 | 1.4 178-hydroxysteroid dehydrogenase 
Glutamic dehydrogen- | 4230 | 0.729) 327 | 62.2 | 770 | 95.6 | | a 3| 3 Se £ 
Method of oxid Prod pec +.| 2 
Glutamic dehydrogen- | 4230 | 0.690] 344 | 62.2| 710 | 92.8 “or DeNT" "| isolated | “GNU of | 258) ES) 288/258) Ses 
nae | 20 @|293|228\533/ 582 
| 2 sm 2 a. 
ily a decay sip self-absorption, ar not for counter esnahineBeshil tale cui 
efficiency, whic accounts or variations in specific activity. 17-Hydroxy- | ~—— 3270 0.933! 256 |102.7| 1252 95.5 
t Sample calculation: % retention = id deh . 
(radioactivity of sample, c.p.m.) (dilution) (100) AGES GHGs). Se 
—— - . - — . drogenase | amide| 
amount of nicotinamide counted) (specific activity of DPN (t)*) 
TasB.e II 
Stereospecificity of hydrogen transfer by placental 178-hydroxysteroid dehydrogenase 
are . ss Amount of | Dilution of | Amount of Total Retention of 
, Method of oxidation of : Specifi to Total | ‘ , 
Experiment | Mephad of xidaic 0 Preegsteteed, .. Refmamine | PRL | Samet |... gees | ae |e 
Estradiol + DPN(t)* — estrone + DPNT + Ht 
¢.p.m./pmole* umole | pmoles c.p.m. %t 
1 Glutamic Nicotinamide 3340 0.758 | 315 34.6 407 111.0 
dehydrogenase Glutamic acid 3340 0.758 | 1347 250 24 3.9 
2 Glutamic Nicotinamide 3340 0.770 | 311 37.8 408 100.5 
dehydrogenase Glutamic acid 3340 0.770 | 1326 240 2 0.3 
Estradiol + TPN(t)t — estrone + TPNT + Ht 
1 Glutamic Nicotinamide 1100 | 0.905 | 264 61.5 269 100 
dehydrogenase Glutamic acid | 377 236 4 0.2 
2 Glutamic Nicotinamide 1100 0.934 | 256 58.8 262 99 
dehydrogenase Glutamic acid | 365 241 5 0.2 














* Corrected for decay and self-absorption, but not for counter efficiency, which accounts for variations in specific activity. 


¢ Sample calculation: % retention = 


(radioactivity of sample, c.p.m.) (dilution) (100) 





(amount of product counted) (specific activity of DPN(t)*)’ 
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terial hydroxysteroid dehydrogenase experiments. Both carrier 
nicotinamide and glutamic acid were added at the end of the 
reaction, and both products isolated as described. 

Since the placental hydroxysteroid dehydrogenase also reacts 
with TPN (Equation 5) a similar experiment was carried out 
with 1 ymole TPN-nicotinamide-4-t in a reaction system similar 
to that used for the tritium-labeled DPN. In this instance, 27 
units of partially purified placental 178-hydroxysteroid dehydro- 
genase were used and both nicotinamide and glutamic acid were 
added as carriers. 

The results of these experiments are given in Table II. In 
the reactions with both DPN-nicotinamide-4-t and TPN-niestin- 
amide-4-t, the placental 176-hydroxysteroid dehydrogenase 
clearly transfers hydrogen to side II of the nicotinamide ring, 
and thereby shifts the tritium to side I. This tritium is com- 
pletely retained in the nicotinamide upon oxidation of the re- 
duced nucleotide by glutamic dehydrogenase (side II specificity) 
and hence almost no isotope is found in the glutamic acid. 

Transhydrogenase Reaction—The stereospecificity of hydrogen 
transfer between pyridine nucleotides in the presence of catalytic 
quantities of estradiol-178 was studied in the following manner. 
DPN-nicotinamide-4-t was reduced by means of purified bac- 
terial 3a-hydroxysteroid dehydrogenase and an excess of andros- 
terone at pH 10.2 in order to obtain DPNT in which the tritium 
was on side I. The 3a-hydroxysteroid dehydrogenase was inac- 
tivated by boiling. The pH was then lowered to 8.2 by addition 
of HCl, and the following ingredients added in a final volume of 
21.4 ml: 29.4 umoles of the 3-acetylpyridine analogue of DPN, 
0.7 umole of estradiol-178 in 1 ml of acetone, and 22.4 units of 
partially purified placental 176-hydroxysteroid dehydrogenase. 
The reaction was followed at 400 mu (where DPNH does not 
absorb significantly, whereas the reduced 3-acetylpyridine anal- 
ogue of DPN has a molar absorbancy index of € = 2500) until 
equilibrium was reached. The reaction mixture was boiled for 
5 minutes with agitation to inactivate the enzyme and then an 
excess of Neurospora diphosphopyridine nucleotidase was added. 
The latter enzyme cleaves the DPN* at the nicotinamide-ribose 
linkage but is without effect on the 3-acetylpyridine analogue of 
DPN. After 30 minutes of incubation at 25°, the diphospho- 
pyridine nucleotidase was inactivated by boiling for 5 minutes. 
Twenty-nine milligrams of nicotinamide were then added and 
the entire mixture (pH about 8) passed over a Dowex 1-formate 
column followed by 60 ml of H,O. In this manner, the 3-acetyl- 
pyridine analogue of DPN was retained on the column whereas 
the nicotinamide derived from DPN* passed through the column. 
The nicotinamide was extracted with ether from the column 
eluate, was purified and analyzed for tritium in the manner de- 
scribed. The results are shown in Table III. Since the tritium 
is on side I in the donor nucleotide, and is retained to the extent 
of more than 95% in the oxidized DPN, the conclusion is reached 
that the transhydrogenase function of the placental 178-hy- 
droxysteroid dehydrogenase also involves side IT. 


SUMMARY 


1. Tritium was incorporated into position 4 of the nicotin- 
amide ring of diphosphopyridine nucleotide (DPN) and triphos- 
phopyridine nucleotide (TPN) by treating their basic cyanide 
addition complexes with HTO. 

2. With the aid of these tritium-labeled pyridine nucleotides, 
it was shown that DPN-linked 3a- and 8-hydroxysteroid dehy- 
drogenases of Pseudomonas testosteroni both utilize side II of the 
nicotinamide ring in the following reactions: 
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Androsterone + DPN* — androstane-3,17-dione + DPNH + Ht 
Epiandrosterone + DPN*+ > 


androstane-3,17-dione + DPNH + H+ 


3. The 178-hydroxysteroid dehydrogenase for estradiol-178 
of human placenta also utilizes side II in oxidations carried out 
with diphosphopyridine nucleotide and _triphosphopyridine. 
The transhydrogenase function of this enzyme in the presence of 
catalytic quantities of estradiol-178 was studied in the following 
reaction: 


DPNH + 3-acetylpyridine-DPNt > 
DPN?* + 3-acetylpyridine-DPNH 
and was found likewise to involve side II of the donor nucleotide. 
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Strontium can be deposited in bone apatite either by the 
replacement of surface adsorbed calcium, or by substitution for 
intracrystalline calcium (1-3). It has also been reported that 
both of these processes favor the deposition of calcium to that 
of strontium (3). This report is concerned with the comparative 
incorporation of calcium and strontium in synthetic apatites. 
We shall present evidence which indicates that during the crystal- 
lization of apatite, the composition of the solid in relation to 
that of the solution approaches an equilibrium value dependent 
upon the rate of crystal growth. 


EXPERIMENTAL PROCEDURE 


Four samples of hydroxyapatite, differing in crystal size, were 
obtained by varying the method of synthesis, viz: 

Sample A was prepared according to Hayek and Studlmann 
(4). A solution consisting of 0.79 g of (NH4)2HPO, dissolved 
in 16 ml of H,O was brought to pH 11.5 with concentrated 
NH,OH. To this was added, with rapid stirring over a 1- 
minute period, a solution consisting of 0.40 g of calcium as the 
nitrate dissolved in 12 ml of H,O, and 1.0 ml of a solution con- 
taining high specific activity Ca*® and carrier-free Sr®*, both as 
the chloride. After stirring for an additional 10 minutes, the 
precipitate was filtered on sintered glass and washed successively 
with H,0, alcohol, and ether. 

Samples B, C, and D were each prepared by different modifica- 
tions of the acidimetric precipitation method of Rathje (5). 
The general procedure: To 3 to 6 liters of solution (to be speci- 
fied as Solution A), continuously stirred and maintained alka- 
line to phenolphthalein by the addition of NH,OH or ethylene- 
diamine, were added at equal rates (a) a solution of calcium as 
the nitrate (Solution B) prepared from the anhydrous carbonate 
and (6) a solution of phosphate as KH2PO, (Solution C). Al- 
though the concentrations of these latter two solutions were 
not the same in the various preparations, the Ca:P molar ratio 
of equivalent volumes was 10:6 in each. To Solution B was 
added either 1.0 or 2.0 ml of the Ca**-Sr®* solution. The precipi- 
tates which formed were allowed to settle and the superna- 
tant solution decanted. After filtration, the preparations were 
washed with H,0, alcohol, and ether. 

Specific details of each preparation are as follows: 

Sample B—Solution A, 200 g of ammonium acetate in 6 liters 
of H,O maintained at room temperature; Solution B, 0.48 g of 
Ca in 1 liter of H,O; Solution C, 0.978 g of KH,PO, in 1 liter of 


* This investigation was supported in part by research grant 
D-572, United States Public Health Service to one of us (A.S.P.). 


H.O. Solutions B and C were added to Solution A over a 6- 
hour period. 

Sample C—Solution A, 3 liters of boiling H,O; Solution B, 
0.80 g of Ca in 500 ml of H,0; Solution C, 1.63 g of KH2PO, in 
500 ml of H.O. The solutions were added rapidly at a rate of 
about 100 ml per minute. 

Sample D—Solution A, 450 g of ammonium acetate in 6 liters 
of H.O maintained at the boiling point; Solutions B and C as for 
Sample B, but each in a 2 liter volume. Solutions B and C were 
added to Solution A over a 6-hour period with no precipitation. 
The contents of the flask was protected from CO2 with a soda- 
lime tube and allowed to cool overnight. The mixture was 
again heated to boiling and newly prepared Solutions B and C 
added slowly. When about 150 ml of each had been intro- 
duced, a precipitate began to form. Precipitation from the su- 
persaturated solution was then allowed to go to completion. 

The preparations were analyzed for phosphorus by the dif- 
ferential spectrophotometric method of Gee and Dietz (6). 
Calcium was determined gravimetrically after double precipita- 
tion as the oxalate and ignition to the oxide (7). 

X-ray diffraction powder patterns of the samples were obtained 
in a Geiger counter diffractometer with nickel-filtered K-alpha 
copper radiation. The diffractometer was driven at a speed of 
4° 2 6 per minute to obtain the patterns shown in Fig. 1. To 
determine the average crystal size of each sample in the direction 
of the c-axis, the line broadening of the 002 reflections was stud- 
ied. A detailed x-ray pattern of the 002 region was obtained 
for each sample and the standard by driving the diffractometer 
at the speed of $° 2 6 per minute. The method of Jones (8) 
was used to correct the widths at half-maximum for instrument 
broadening. The specimen used as a standard for the instrument 
broadening was a highly crystalline synthetic hydroxyapatite 
prepared by a hydrothermal bomb technique described by Perloff 
and Posner (9). 

The average crystal size in the c-axis direction was then ob- 
tained by inserting the corrected width at half-maximum into 
the usual equation: 


t = Ky/B cos 8, 


where ¢ is the “apparent” crystal size, K a constant dependent 
upon the crystal shape, \ the X-ray wave length, 8 the corrected 
width at half-maximum of the broadened curve, and @ the scat- 
tering angle of the diffraction peak at its center of gravity. For 
the sake of this analysis the crystals were assumed to be spherical 
and K was chosen to be 1.0747, after Stokes and Wilson (10). 
It should be noted that the 002 and 201 reflections are too 
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close together to be resolved by the technique employed. How- 
ever, the intensity of the 002 reflection is at least 100 times 
greater than the 201 intensity as calculated from the recently 
published refined atomic parameters (11). Thus it is valid to 
assume that the 002 is a pure reflection for the purposes of the 
line broadening analysis. 

The average indices of refraction (white light) of all of the 
preparations were obtained by the double-diaphragm method of 
oblique illumination (12). 

Samples of the four apatites were examined under the electron 
microscope. The crystals were placed on specimen screens cov- 
ered with carbon substrates, either as the dry powder or in 
aqueous suspension. In the former instance, a few milligrams 
of the powder were shaken in a glass vial, and the surface of the 
specimen screen was pressed into the thoroughly mixed material; 
in the latter instance, the aqueous suspensions were shaken 
immediately before the microdrops were removed, in order to 
minimize settling. The preparations were lightly shadowed with 
palladium, evaporated from a source placed so as to produce 
shadows three times as long as the objects that caused them. 
At least 20 preparations of each apatite sample were photo- 
graphed. 

Dimensional measurements of approximately 200 crystals from 
each of the apatites were made from the micrographs. In the 
case of Samples C and D, which were made up of long, needle- 
like crystals, length and width were measured directly, and 
thickness was computed from the lengths of the shadows. The 
three axes of the crystals in Samples A and B were not as easily 
differentiated, and the measurements were therefore tabulated 
according to longest, intermediate, and shortest. These dimen- 
sions are arbitrarily represented as length, width, and thickness, 
respectively in Table II. 

Radioactivity was measured with an end window or windowless 
flow Geiger-Muller tube, and Sr8* and Ca** obtained by the 
differential absorption technic (13). All samples were stored 
for at least 21 days before counting to insure that the Sr%-Y% 
secular equilibrium had been established. To normalize self 
absorption differences between samples, aliquots of a standard 
Ca**-Sr*® solution were counted under the same conditions. 

Four 25.0-mg aliquots from each hydroxyapatite sample were 
transferred to stoppered glass centrifuge tubes, and 10.0 ml of 
0.01 m calcium (2 tubes) or 0.01 m strontium (2 tubes) each as 
the acetate were added. The vessels were shaken continuously 
for 24 hours at room temperature and centrifuged, and the super- 
nates were removed by aspiration. After filtration through 
ultrafine sintered glass, the filtrates were analyzed for radio- 
calcium and radiostrontium. An additional 10.0 ml portion of 
the calcium acetate or strontium acetate solution was added to 
each tube, and, after shaking for 24 hours, the supernates were 
removed, filtered, and analyzed as before. 


RESULTS 


Analytical results for the four apatite preparations are shown in 
Table I. All had Ca:P weight ratios lower than the theoretical 
value of 2.15. The fact that the Ca:P value of Sample A was 
appreciably lower than the ratios of the other samples may be 
due to the method of preparation. Sample A was precipitated 
from a phosphate solution by adding calcium salt whereas the 
other samples were prepared by a dropwise addition of calcium 


R. C. Likins, H. G. McCann, A. S. Posner, and D. B. Scott 























2153 
A es Meee oes Be. Wowie ar yesh mm era 
> 
= 
” 
2 
Wd 
= 
WwW 
= 
BE 
4 
4 
WwW 
x 
A 
CN SUNN CEN einen ere PEE SES RR ST 
16 20 24 28 32 % 40 44 48 52 S6 60 


DIFFRACTION ANGLE (DEGREES 26) 


Fic. 1. Comparison of x-ray diffraction patterns of Samples 
A, B, and C with nickel-filtered copper radiation. The pattern 
obtained from Sample D could be superimposed on that of Sam- 
ple C. 


TABLE I 


Composition of synthetic hydroxyapatite and relative incorporation 
of Ca*® and Sr*®® from solution 











Pa 
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| a 
Sample Ca P | Ca:P s ; Avera pe index of 

| | bg 

mes, Bae OR ert eee teed 
A 35.43 | 18.65 1.900 0.968 1.580 + 0.002 
B 36.75 | 17.63 2.085 0.924 1.600 + 0.002 
C 37.54 18.20 2.063 0.597 1.615 + 0.002 
D 37.57 17.74 2.118 0.591 1.622 + 0.002 
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and phosphorus solutions in the proper molar ratios. Table I 
also contains the average indices of refraction of each sample. 
A comparison of identical regions in the x-ray diffraction pow- 
der patterns of Samples A, B, and C is shown in Fig. 1. The 
diagram obtained from Sample D is not included since it could 








ee 


Fig. 2. Electron micrographs of typical crystals from the four 
apatite preparations. Magnifications: Samples A and B: 50,000; 
Samples C and D: 20,000. 


Calcium and Strontium Fixation by Hydroxyapatite 
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TABLE II 


Crystal dimensions measured from electron micrographs 


Length Thickness 


Crys 
tal 


Width 
8TOUP |Mean + s.d.* Range |Mean-+s.d.*| Range |Mean-+s.d.*| Rang 


A |195 85- 165 85- 135 85- 
+ 75A 500A + 55A 500A + 50A 400A 

B (315 200. 270 200- 185 100- 
+ 70A 500A + 60A 500A + 60A 4004 

eee ee | 0.11- 625 130- 400 125 
+ 0.72u 2.75p + 325A) 1275A; + 210A (404 

D (3.96 1.91- 2075 850- 1100 640- 


+ 1.194 6.384 + 1150A) 5100A)' + 290A) I1700A 


*s.d. = standard deviation. 


be superimposed on that of Sample C. Samples C and D gave 
sharp x-ray patterns characteristic of well crystallized hydroxy- 
apatite. Samples A and B gave broadened apatite patterns. 
None of the diagrams showed any extraneous lines indicative of 
another phase besides apatite. 

The results obtained for Samples A and B indicated that these 
preparations had average crystal sizes (in the c-axis direction) 
of 180A and 280A, respectively. It was not possible to measure 
> and Sample D from their x-ray 
patterns since in both cases the crystals were so large (>0.1y) 


the crystal size of Sample (¢ 


that the normal line broadening of the instrument was not ex- 
ceeded. 

Electron micrographs of typical crystals from all the samples 
are shown in Fig. 2, and the dimensional measurements are 
presented in Table II. Although there is a fairly wide range of 
dimensions within each sample, the mean values and standard 
deviations demonstrate clearly the basic size differences between 
the four groups of apatite crystals. It is evident from the 
micrographs that the crystals in Samples A and B were roughly 
spherical or granular whereas those in Samples C and D were 
acicular. The latter form was never seen in Samples A and B, 
but a marked tendency toward accumulation of the crystals into 
irregularly shaped aggregates as large as 0.2u in diameter was 
observed. 

It should also be noted that the visual measurements of the 
c-axes of the crystals in Samples A and B are in agreement with 
the estimates made by x-ray diffraction. This suggests that 
strain contributed little or nothing to the observed x-ray line 
broadening. 

Within experimental error, the Sr*9:Ca*® ratio of Sample A 
was the same as that of the ratio of the solution at the start of 
precipitation (Table I). Samples of B, C, and D, however, had 
lower ratios, indicating a preferential inclusion of Ca**. This 
discrimination was relatively small in the case of Sample B, but 
appreciable in Samples C and D. 

The results of the exchange studies are shown in Table III. 
During the first and second 24-hour periods the release of Sr*® 
from Samples A and B exceeded the Ca* loss in both calcium 
acetate and strontium acetate. This was also the case with 
Sample C for the first exchange period. With Sample D, how- 
ever, and during the second exchange experiment with Sample 
C, relatively more Ca** than Sr** was lost to solution. Except 
for Sample D the Sr**:Ca*® solution ratios were higher in stron- 
tium acetate than in calcium acetate. This comparison cannot 
be made for the second exchange period with Sample D because 
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TaBLe III 


Release of Ca*® and Sr® from hydroxyapatite by repetitive treatment 
with strontium acetate or calcium acetate 
































Ca acetate | Sr8*:Ca‘5 | Sr acetate | Sr#*:Ca*s 

Sample Period ., =] 
sr» | Cats | & |solidt | sre | Cass! S |Solidt 

B a 

% total % total 
A Ist 24 hrs —_[21. 00/14. 90/1. 4/0.897|16.00|7. 30|2. 110.876 
2nd 24 hrs | 6.70| 5.50/1.210.879| 4.40|2.90/1.510.857 
B Ist 24 hrs _[18. 70/10. 90/1.6|0.843|18. 60/6. 40/2. 7\0.803 
2nd 24 hrs | 3.50) 3.00/1.1/0.825| 3.40/2.70/1.2/0.793 
Cc Ist 24 hrs 1.40} 1.2010.7/0.596| 1.40)0.82)1.0/0.593 
2nd 2 hrs | 0.06| 0.13/0.3/0.596| 0.19]0.27|0.4/0.593 
D Ist 24 hrs | 0.14} 0.19]0.4/0.591| 0.11/0.20/0.3/0.591 
2nd 24 hrs t t |¢10.501) t | t t (0.501 














* Since the initial Sr*®:Ca‘* ratios of the precipitates vary (See 
Table I) the composition of the exchangeable surface cannot be 
deduced by comparing the percents of Sr® and Ca‘* released in the 
acetate solutions. The variation has been taken into account in 
calculating the ratios given in this column. A value greater than 
1.0 indicates that the exchangeable surface contains a higher 
percent of Sr®, relative to Ca‘®, than did the precipitating solu- 
tion, and vice versa. 

+ Calculated ratio of Sr**:Ca‘® remaining in solid after the sur- 
face Sr®* and Ca‘* released by exchange has been subtracted from 
the ratios shown in Column 5, Table I. 

t Below threshold of measurement. 


the quantities of Ca** and Sr®* released were too small to permit 
accurate analysis. 

Differences in the release of Ca‘* and Sr®* in the two solutions 
were chiefly the result of a diminished exchange of Ca* in stron- 
tium acetate. The exchange release of Sr®® and Ca** diminished 
as the samples increased in crystal size. 


DISCUSSION 


Apatite crystals precipitated from aqueous solutions have 
associated with them a water content which cannot be removed 
even by centrifugation at 80,000 x g (14). The presence of 
this water, which is many times greater than that adsorbed from 
the vapor phase by initially dry crystals, chiefly accounts for 
the fact that the calcium and phosphorus percentages found are 
lower than the theoretical values of 39.89% and 18.50%, re- 
spectively. 

In regard to characterizing Samples A, B, C, and D as apatites, 
it is recognized that many synthetic and biological calcium phos- 
phates give the x-ray diffraction pattern of hydroxyapatite and 
yet show a low Ca:P ratio (14, 15), low index of refraction, and 
low density when compared to Ca1o(PO,)6(OH)2 (15). In fact, 
the low calcium apatites seem to be the rule rather than the 
exception in preparations which have small crystal sizes. Ex- 
perience has shown that special techniques are required to pre- 
pare crystals of the end member of this series, Caio(PO.).(OH)>, 
which have the theoretical index of refraction, density, x-ray 
diffraction pattern and chemical composition (9, 15). The sam- 
ples in this experiment may thus be considered calcium defi- 
cient members of the apatite series. 

The results in Table I show an obvious discrimination against 
Sr®* in the formation of Samples C and D. Since the surface 
areas of these crystals are small, this differentiation between 
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Ca*® and Sr®® provides evidence of a preferential incorporation of 
Ca** in the crystal interior. 

Radiochemical analyses of A and B gave little or no indication 
of discrimination between Sr** and Ca** (Table I). The exchange 
experiments with these samples, however, seem to indicate that 
the proportions of radioisotopes at the surfaces were different 
from those of the crystal interiors. For both samples the ratios 
of Sr** to Ca** released by exchange were higher than that of the 
solutions from which the crystals were prepared. Conversely, 
the ratios in the remaining solids, calculated by subtracting the 
surface contribution, were found to be lower than the solution 
ratio, indicating a discrimination against Sr. 

In these systems, where different ions compete for structural 
positions, the final composition may be related to the degree of 
crystal perfection. From the calculated ratios in Table III (i.e. 
the ratios adjusted for surface effects) it is apparent that there 
is a greater discrimination against Sr** in the formation of C and 
D than in the formation of A and B. The larger crystals would 
be expected to approximate equilibrium conditions more closely 
than the smaller ones due to their slower growth rate. In this 
light it is reasonable to conclude that the Sr* discrimination 
increases as the conditions approach equilibrium more closely. 
If this is the case, then a Sr8*:Ca*® ratio of 0.6 may be considered 
to approximate the equilibrium value when Sr®* is present in 
trace amounts during crystallization. 

A previous report (16) showed a discrimination against Sr in 
the formation of well crystallized monetite, CaHPO,, from a 
solution containing trace amounts of labeled Ca and Sr. In the 
same experiment when small, rapidly formed crystals of hydroxy- 
apatite were precipitated from a similarly labeled solution there 
was less discrimination against Sr. The present results may 
indicate that this dissimilar incorporation of Sr may have been 
due chiefly to differences in crystal perfection as related to 
equilibrium conditions. 

The results in Table III show that the exchangeable portions 
of the large crystal preparations, C and D, has Sr**:Ca** ratios 
lower than that of the preparation solution. During precipita- 
tion the discrimination against Sr®** in the solid must have raised 
the Sr**:Ca*® ratios of the solution phase. It is evident that the 
exchangeable portion of these crystals did not reflect this increase. 
Thus in Samples C and D the exchangeable portion, as well as 
the bulk of the solid, showed a Sr®* discrimination. This ex- 
changeable portion would probably include both adsorbed ions 
and structural ions near the crystal surface in some unknown 

proportion. In contrast, the exchangeable portions of Samples 
A and B had higher Sr®*:Ca** ratios than the preparation solu- 
tions. This difference between the radiochemical exchanges of 
the large and the small crystals is undoubtedly related to their 
contrasting surface areas. 

In the exchange experiments the comparative release of Sr** 
and Ca*® was different in strontium acetate as compared to 
calcium acetate. The release of Sr® from the solids was about 
the same with both calcium acetate and strontium acetate. 
However, relatively more Ca** was released by the calcium ace- 
tate than by strontium acetate, indicating that strontium is held 
less strongly than calcium on the exchangeable surface of apatites. 

It is generally thought that there is little or no discrimination 
between Ca and Sr in the initial formation of bone mineral (17, 
18). The results of the present experiments, however, show that 
the incorporation of trace quantities of Sr in synthetic apatite is 
not uniform throughout the crystals. In addition, it has been 








2156 Calcium and Strontium Fixation by Hydroxyapatite Vol. 235, No. 7 


observed in vivo that Sr is released preferentially from bone (16, 
19, 20). The exchange experiments reported herein suggest that 
this unequal release reflects the high Sr®*:Ca** ratio on the ex- 
changeable surfaces. 


SUMMARY 


Samples of hydroxyapatite with differing crystal sizes were 
prepared from solutions containing labeled calcium and stron- 
tium. Analysis of these preparations and the results of digestion 
studies showed a discrimination against strontium in crystal 
formation which was related to the rate of crystal growth. The 
discrimination was greater in the slowly grown, larger crystals 
than in the smaller, rapidly formed crystals. 
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The rate of elimination of radioactive calcium from the body 
of the hen through the egg has been studied by Comar and Drig- 
gers (1). They found that the shell of an egg laid 24 hours after 
administration of a single dose of Ca‘ into the lower esophagus 
of a fasted bird contained 30 to 35% of the dosage. The amounts 
fell sharply and stabilized at about 0.5% after 4 days. From 
the constancy of the values after 4 days, they concluded that 
the labeled calcium found in the shell after this time came from 
body stores. Spinks et al. (2), with the use of limestone powder 
labeled with Ca** in the mash, found results in good agreement 
with those described above. Johnston and Comar (3) have 
shown that after about 10 days of incubation, the shell begins to 
contribute calcium to the chick embryo. 

Several studies (4-8) have shown that strontium behaves 
qualitatively although not quantitatively like calcium. The 
presence of traces of strontium in the bones of vertebrates (9-13) 
and in the albumen and yolk of eggs (14) has been reported. 
MacDonald et al. (15) found that the ash of bones of immature 
mice could contain up to 7% strontium without gross evidence 
of rickets, when the element was added to drinking water. 
Comar et al. (16) reported that dietary calcium was utilized for 
bone growth by a factor of 3.6 over Sr® in the growing rat, and 
that this factor was increased to 5.1 in the developing fetus for 
the conditions used in the experiment. On the basis of work 
with several animal species, Alexander et al. (17) concluded that 
the constant strontium to calcium ratios in the bone ash of a 
given species indicated a steady state relationship to the dietary 
ratio. A good review of this general subject was published by 
Comar et al. (18). 

The original purpose of the work presented in this paper was 
to develop a means of identifying progeny of hen pheasants 
released in the spring with nonradioactive strontium as a tracer. 
A somewhat similar approach to this problem with Ca has been 
reported by McCabe and LePage (19), who also discussed the 
economics involved. Although our aim was not accomplished, 


* This paper is a final report on one phase of Federal Aid to 
Wildlife Project FW-2-R, conducted cooperatively by the Re- 
search and Management Division of the New Hampshire Fish and 
Game Department, and the Engineering Experiment Station, 
University of New Hampshire. 

t Present address, Soils Department, Rutgers-The State Uni- 
versity, New Brunswick, New Jersey. 

1 This possibility was discussed by F. Greeley, in unpublished 
Pittman-Robertson Job Completion Report No. IV, Investiga- 
tions Project No. FW-2-R-3, State of New Hampshire (1955). 


we present the following data as an addition to our knowledge of 
the metabolic behavior of strontium. 


EXPERIMENTAL PROCEDURE 


Based on the results of a preliminary experiment with 2 White 
Leghorn hens, a more extensive experiment with 6 White Leg- 
horn hens was conducted. Each bird was placed in an individual 
cage with water and feed (New England College Conference 
Breeder Ration for 1956) provided ad libitum. The ash of the 
feed contained 0.038% strontium. Eggs were collected during 
3 periods of the experiment: (a) the control period, (6) the treat- 
ment period, and (c) the post-treatment period. 

During the control period the hens were continued on breeder 
ration and 3 eggs from each hen, selected from the beginning, 
middle, and end of the period, were reserved for analysis. More 
than half of the remaining eggs were incubated. On hatching, 
6 of the chicks were killed, and the ash of the whole chick was 
analyzed. The remainder were killed at 21 and 35 days of age 
and a foot taken for analysis. 

During the treatment period, the feed contained added stron- 
tium nitrate equivalent to 2 g of strontium per kilogram of feed. 
Based on an estimated food intake of 100 g of mash per bird per 
day, the strontium intake was approximately 200 mg per bird 
per day. Three hens were fed this diet for 20 consecutive days. 
The other 3 hens were kept on the diet for 40 days, arranged so 
that the treatment period for both groups ended the same day. 
Four eggs from each hen were reserved for analysis. The first 
egg for analysis was laid on the second day after treatment began 
for each hen, whereas the remaining eggs were selected to cover 
the entire treatment period. More than half of the other eggs 
were incubated. Five chicks were killed on the day they were 
hatched and the whole chick ashed for analysis. The remaining 
chicks were killed at ages of 21, 56, or 67 days and one foot of 
each chick was saved for analysis. 

During the 56-day-post-treatment period, the hens were fed 
the control period mash again. Alternate eggs were analyzed 
and the others incubated except that cracked eggs which would 
normally have been incubated were analyzed and the next 2 
successive eggs were incubated. The chicks were killed at ages 
of 14, 28, 42, or 56 days and one foot of each saved for analysis. 

All chicks were fed the breeder ration used for the parent hens 
during the control period. Since the preliminary experiment had 
shown the strontium content of the eggs to be quite constant 
during both the control and treatment periods, these chicks 
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were banded only to identify the period and parent hen from 
which they came. However, during the post-treatment period, 
the strontium content of the eggs decreased with time and there- 
fore each chick was banded to show the specific egg from which 
it originated. 

The 2 parent hens from the preliminary experiment were 
killed 25 days after the termination of the treatment period. In 
addition, one hen which had never been fed the strontium-rich 
diet was killed, and one foot, one tarsometatarsus, and one 
proximal wing bone from each hen were reserved for analysis. 
One hen from each of the 2 treatment periods of the main experi- 
ment was killed 80 days after the termination of strontium feed- 
ing and the other 4 hens were killed 118 days after termination 
of the strontium feeding. One foot from each of these hens was 


saved for analysis. All hens were in a full laying condition when 
killed. 


PREPARATION AND ANALYSIS OF SAMPLES 


Egg samples were refrigerated until they were to be ashed. 
Each egg was rinsed in distilled water to remove any foreign 
matter, broken, and the yolk and albumen discarded. Shells 
were placed in porcelain crucibles which had been cleaned by 
hot acid treatment, dried overnight at 110°, and ashed in a muffle 
furnace at a final temperature of 600 + 25°. Significant con- 
tamination from porcelain crucibles was excluded when the 
analysis of several control period samples ashed in platinum, 
yielded results comparable to those ashed in porcelain. When 
the ash was reasonably white, it was cooled in a desiccator, 
ground in an agate mortar to pass 200 mesh, and stored in Plexi- 
glas vials with tight polyethylene caps. The procedure of dis- 
carding the yolk and albumen was considered valid when it was 
found that approximately 95.5% of the total strontium in the 
egg is present in the shell. This strontium should be available 
to the developing embryo along with calcium (3). 

Bone and foot samples were rinsed in hot water to remove 
excess foreign matter, dipped in 0.5 n HCl for 30 seconds, and 
rinsed thoroughly in distilled water. The samples were then 


TaBie I 
Strontium content of ash of eggs, whole chicks, and chick feet 











Experimental period Sample description Sr in ash 
% 
Control Eggs 0.049 + 0.020¢ (30)* 
Whole chicks 0.039 + 0.0069 (6) 
Chick feet, ages 21 | 0.040 + 0.012 (30) 
and 35 days 
Treatment Eggs 2.5 + 0.66 (59) 
Whole chicks 2.8 + 0.32 (5) 
Chick feet, ages 21 | 0.15 +0.019 (4) 
days 
Chick feet, ages 56 | 0.039 + 0.0092 (11) 
and 67 days 
Post-treatment | Eggs, 0 to 16 days¢ 0.774 (31) 
Eggs, 17 to 32 days 0.26 (22) 
Eggs, 33 to 56 days 0.13 (23) 








* Standard deviation. 

*’ Number of specimens in the sample. 

¢ Elapsed days after the termination of Sr feeding. 

*No standard deviation was calculated for this period since 
the concentration continually decreased. 


Strontium Transfer from Hen to Chick 


Vol: 235, No.7 


dried and ashed in the same manner as shells. Whole chicks 
were dried and ashed in large porcelain dishes with no pretreat- 
ment. 

Strontium was determined in ash samples by a quantitative 
direct current arc spectrochemical procedure similar to that used 
by Hodges et al. (11). The modifications which were necessary 
to fit the requirements of this problem will be described else- 
where. The average coefficient of variation of the method was 
7.5%. All samples were analyzed in duplicate. 


RESULTS AND DISCUSSION 


A summary of the data obtained from all the experiments is 
given in Table I. With a 95% confidence level, no significant 
differences were found between individuals from either the pre- 
liminary or final experiment. Consequently, pooling the data 
was justified. 

Strontium concentrations found in the ash of eggs, whole 
chicks, and the feet of chicks, from the control period are in 
general agreement with published values for bone samples (15, 
17). The rather high standard deviation associated with the 
strontium content of the eggs of this period is unexplained. 

The concentration of strontium in the egg ash increased by a 
factor of 40 to 50 within 3 days or less after the treatment period 
was started and then remained quite constant throughout the 
treatment period, suggesting that balance with the diet was 
quickly reached. Similar results with Ca® were obtained by 
Spinks et al. (2). The ability of the chick embryo to assimilate 
strontium is clearly demonstrated by the data for the whole 
chicks. 

Foot samples from 21-day-old chicks from the treatment 
period contained only 0.15% strontium in the ash. One impor- 
tant factor in this reduction of concentration during the first 21 
days is dilution due to rapid growth, although elimination prob- 
ably contributes significantly as well. The % of strontium in 
the feet of 56- and 67-day-old chicks from this period is the same 
as found in the control period. 

Although calcium determinations were not made, it is informa- 
tive to calculate strontium to calcium ratios with approximate 
expected values for % of calcium in the ash. The calcium con- 
tent of the ash of the feed, calculated from % of ash and total 
calcium, was 26.1%. The other values used were 35% for the 
ash of foot bones and egg shells, and 20% for the ash of whole 














TaBLeE II 
Strontium content of ash of bones from parent hens 
Sr in ash 
Length S D f' id 
Parent hen | seeding period | of Sr feeding GREE PUES 
Foot metat |wing bone 
days % % % 
Ae 40 25 0.25 0.14 0.36 
Ce 40 25 0.15 0.15 0.12 
1 40 80 0.13 
6 20 80 0.095 
2 40 118 0.089 
3 40 118 0.098 
4 20 118 0.057 
5 20 118 0.070 
Control 0.029 | 0.041 | 0.026 




















* From the preliminary experiment. 
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chicks (3). With these assumptions, the ratios for the ash of 
control period feed, egg shells, whole chicks, and the feet of 21- 
day-old chicks were 1.4 X 10-*, 1.4 X 10-*, 2.0 X 10-%, and 1.1 
x 10-*, respectively. These values are in good agreement with 
the values reported by Shalimoff et al. (20) for cream. For the 
treatment period, the corresponding strontium to calcium ratios 
were 80 X 10-%, 71 X 10-%, 140 x 10-*, and 4.3 x 10-*. The 
values from both periods support the statement of Comar e¢ al. 
(16) that there is no great difference in the deposition of ingested 
Ca‘® and Sr® in the hen’s egg. The data also suggest that the 
chick embryo displays some selectivity for strontium over cal- 
cium which is just the opposite of the situation encountered with 
some mammals (16). Control period chicks did not demonstrate 
any selectivity for strontium or calcium as shown by the small 
difference in the ratio for feed and chick feet. The large de- 
crease of the strontium to calcium ratio for feet of treatment 
period chicks was expected because the chicks were fed control 
period ration. 

During the post-treatment period, the strontium content of the 
eggs decreased steadily although the pattern of elimination was 
erratic at times. The data for the eggs are presented in Table I 
by arbitrarily dividing the period into 3 intervals. It can be 
seen that the rate of decrease of strontium concentration is rapid 
at first and then more gradual. There also tended to be a faster 
decrease in strontium content for hens which laid the most eggs 
during this period, but the data are too limited to generalize this 
point. No significant difference in the strontium content of 
eggs of the post-treatment period can be attributed to the 20- 
and 40-day treatment periods. However, the data in Table II 
suggest a greater concentration of strontium in the bones of 
parent hens which were on the 40-day treatment. The ability 
of the hens to store large amounts of strontium and to eliminate 
at least a part of it through the eggs, when strontium is no 
longer provided in the diet, is clearly shown. 

None of the chicks from eggs of the post-treatment period 
were killed on the hatch date primarily because the purpose of 
this project was to develop a technique for identifying 6-month 
old chicks by their strontium content. When the chicks were 
killed, the strontium content of ash of foot samples had already 
decreased to an average value of 0.040%. 


SUMMARY 


1. The ash of egg shells from White Leghorn hens fed New 
England College Conference Breeder ration contains 0.049 + 
0.020% strontium and the ash of bones of chicks contains 0.040 + 
0.012%. 

2. When these hens are fed the same breeder ration with 0.2% 
strontium added, the concentration of strontium in the ash of 
the egg shells increases by a factor of 40 to 50 within 3 days, but 
no further increase occurs after that time. During the post- 
treatment period, the hens release some of the body stores of 
strontium to the eggs. After 50 days, the strontium content of 
the eggs decreases to approximately 2.5 times the natural level. 


C. L. Grant, R. C. Ringrose, and R. Downer 
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3. Chicks hatched from eggs containing large amounts of 
strontium are able to metabolize appreciable amounts of this 
element. However, the strontium content of the ash of chick 
bones decreases to the natural level in 2 months or less because 
of elimination and dilution caused by rapid growth. 

4. Strontium to calcium ratios, calculated from approximate 
calcium percentages, indicate that there is no discrimination 
against strontium between the feed and the hen’s eggs. The 
chick embryo shows some selectivity for strontium relative to 
calcium. 
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The active transport of sodium by the isolated toad bladder 
has been previously demonstrated (1). The present study con- 
cerns the stimulation of active sodium transport in this prepara- 
tion by neurohypophyseal hormones and the changes in oxygen 
consumption, tissue glycogen content, and lactic acid production 
which are associated with the hormonal effect. 


METHODS 


The preparation of tissue, the composition of the incubating 
media, and the analytical techniques used in this study have all 
been reported in previous publications from this laboratory (1-3). 
We are indebted to Professor V. duVigneaud for the generous 
supplies of the two purified neurohypophyseal hormones used in 
this study, oxytocin (ON-5) and arginine-vasopressin (AVN-3). 
The commercial vasopressin used was pitressin (Parke, Davis 
and Company). 


RESULTS 


Hormonal Stimulation of Sodium Transport—In a previous 
study (1) it was shown that mammalian neurohypophyseal hor- 
mones regularly increased the short circiut current through the 
isolated toad bladder. Table I demonstrates that this increase 
in current is entirely accounted for by an increase in active so- 
dium transport. In seven experiments of four 30-minute periods 
each, the unidirectional sodium fluxes were measured simultane- 
ously with Na* and Na™ together with the short circuit current 
according to the technique of Ussing and Zerahn (4). When the 
smaller flux of sodium from the serosal to mucosal surface is 
subtracted from the larger value in the opposite direction (muco- 
sal to serosal) the net sodium flux is obtained. When this figure 
for sodium reabsorption is compared with the simultaneously 
measured short circuit current and both values are expressed in 
the same units, excellent agreement is obtained. This corre- 
spondence in the toad bladder between electrical current and net 
sodium flux had been previously demonstrated in the absence of 
hormone (1). From Table I it is evident that the same good 
agreement holds after hormonal treatment as well. Hence the 
hormone stimulates active sodium transport and all the electrical 
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activity of the membrane is quantitatively accounted for by so- 
dium transport. Ussing and Zerahn (4) previously had shown 
similar results for the isolated frog skin. 

Although the active sodium transport is stimulated by hor- 
mone an effect on the passive flux (serosal to mucosal) could not 
be detected. Both in the experiments shown in Table I and in 
an earlier group of measurements a spontaneous and apparently 
unavoidable variability was observed in the small values of the 
passive flux between successive 30-minute periods. Although the 
absolute magnitude of this spontaneous variability was small it 
still was sufficient to preclude detection of a significant hormonal 
effect on the passive flux. 

The stimulatory effect of the hormone on the permeability to 
sodium in the mucosal-to-serosal direction tended to diminish 
with time in most experiments. Thus the permeability in the 
fourth period was found to be slightly less than during the third 
period in most instances. The effect on the short circuit current 
similarly was not sustained but decreased with time. 

Hormonal Stimulation of Oxygen Consumption—Table II shows 
the effect of neurohypophyseal hormones on the rate of oxygen 
consumption by the toad bladder. Oxygen consumption was 
measured in a Warburg apparatus for three consecutive hours in 
10 paired experiments. After an initial control hour, hormone 
was tipped from the side arm into one of the two paired flasks 
and in every experiment this resulted in a higher rate of oxygen 
consumption during the subsequent 2 hours of observation. The 
control tissue showed no regular change in oxygen consumption 
with time. When the change in oxygen consumption from the 
first to the second hours of measurement was analysed statis- 
tically, a significant increase was found when hormone was added 
but no significant change occurred in the absence of hormone. 

This stimulatory action of the preparations of neurohypo- 
physeal hormones on oxygen consumption was found to depend 
upon the presence of sodium as indicated in Table III. When 
a sodium-free magnesium or choline Ringer solution was used 
as the incubating medium the hormonal preparations failed to 
produce a stimulation of respiration. 

Hormonal Stimulation of Glycolysis—Table IV, A shows that 
aerobic glycolysis, as measured by the disappearance of glycogen 
and the production of lactate, was also stimulated by neuro- 
hypophyseal hormones. Twelve experiments were performed 
with paired bladder halves; one-half was incubated in the pres- 
ence of neurohypophyseal hormones and the other half in the 
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TABLE I 
Comparison of sodium flux and short circuit current through isolated 
toad bladder with and without neurohypophyseal hormone 

Figures are the mean values obtained during two successive 30- 
minute periods before and two successive 30-minutes after addi- 
tion of 0.05 ml (1.0 unit) of commercial vasopressin to the 15.0 
ml of Ringer’s solution bathing the serosal surface of the bladder 
in seven experiments. The area of chamber was 7.07 cm? and the 
average dry weight of tissue was 0.98 mg per cm?. 











ee ee ee A i. | ie. | 88. 
oa 30-min — short difference _mean 
periods M—s* | S-—+M® | transport —_ (A — B) | difference 
ay pamps/cm? 
0 14 24.4 3.1 21.3 20.1 +1.2 | +1.1 
i 14 34.8 3.2 31.6 32.6 —1.0 | +1.3 


























*M —S, mucosal to serosal; S — M, serosal to mucosal. 


TaBLe II 


Effect of neurohypophyseal hormone on Qo, of toad bladder in 
sodium Ringer solution 


Ten experiments on 10 paired bladder halves. 























Hours an SE. 
erence _mean ’ 
1 | 2 | 3 foun, difference 
Control 1.20 | 1.22 | 1.06 | +0.02 | +0.03 0.6 
With hormone* | 1.23 | 1.72 | 1.76 | +0.49 | 40.05 | <0.001 











* Hormone added at end of first hour; 0.2 unit of oxytocin used 
in 8 experiments and 0.085 unit of arginine-vasopressin, in re- 
mainder. Qo, = ul O2 per mg dry tissue per hr. 


Taste III 
Effect of neurohypophyseal hormone on Qo, of toad bladder 
in sodium-free Ringer solutions 


No significant difference found between successive hourly Qo, 
values. 




















Hours 
1 2 3 
A. Magnesium Ringer (8 paired experiments) 
Cemttiac .é.uiehiry.ss0c thudaneye 0.95) 1.01) 0.98 
Hoemonse added’... .......nut: «viaang aah a 1.11) 1.16) 1.13 
B. Choline Ringer (11 paired experiments) 
Re eee ne ee 1.05} 0.93) 0.90 
pO LE, EO: 1.13} 1.08) 1.07 








* Hormone added at end of first hour; either 0.2 or 0.4 unit of 
oxytocin used. Qo, = ul O2 per mg dry tissue per hr. 


absence of hormone. In every experiment the tissue incubated 
in the presence of hormone utilized its glycogen content more 
rapidly and produced more lactate. 

This effect of the hormones on glycogen utilization and lac- 
tate formation was also dependent upon the presence of sodium. 


A. Leaf and E. Dempsey 
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TasBLe IV 
Effects of neurohypophyseal hormone on glycogen 
content and lactate formation 
Glycogen content Lactate formation 
Con- | Hor- A Con- | Hor- A 
trol | mone trol | mone 
ug/meg wet tissue 
A. Aerobically in sodium 
Ringer solution* 
Average 2.18|1.84;—0.34 |0.124/0.306/+0.18 
S.E. mean difference +0.072 +0.036 
<0.001 <0.001 
B. Aerobically in sodium- 
free Ringer solutiont 
Average 2.82|2.63|—0.19 |0.221/0.242)+0.021 
S.E. mean difference +0.16 +0.032 
0.3 0.5 
C. Anaerobically in sodium 
Ringer solutiont 
Average 1.59/1.53/—0.06 (0.64 (0.75 |+0.11 
S.E. mean difference +0.08 +0.028 
Pp 0.5 <0.001 























* Results of 12 paired experiments. 30 or 60 minutes of aerobic 
incubation in 3.0 or 5.0 ml of Ringer solution containing 0.1 mg 
of calcium streptomycin and 0.1 mg of potassium penicillin per 
ml. In each of 4 experiments 0.2 unit of oxytocin (ON-5) was 
used; in each of 2 experiments 0.17 unit of arginine-vasopressin 
was used, and in each of the remaining 5 experiments 1.0 unit of 
commercial vasopressin was used. 

t Results of 8 paired experiments. 60 minutes’ aerobic incuba- 
tion in 5.0 ml of sodium-free choline Ringer solution containing 
‘0.1 mg of potassium penicillin and 0.1 mg of calcium streptomycin 
per ml. 0.4 unit oxytocin (ON-5) used in each experiment. 

t Results of 21 paired experiments. 30 minutes’ anaerobic in- 
cubation in 3.0 ml of frog-Ringer solution containing 0.1 mg of 
calcium streptomycin and 0.1 mg of potassium penicillin per ml. 
Two units of commercial vasopressin added to one of the paired 
tubes in each experiment. 


When experiments identical with those shown in Table IV, A 
were performed in a sodium-free Ringer solution there was no 
significant effect of the hormone on glycogen disappearance or 
lactate production, as shown in Table IV, B. 

The short circuit current, and hence presumably the active 
transport of sodium by the isolated toad bladder, is also stimu- 
lated by neurohypophyseal hormones under anaerobic condi- 
tions (1). An attempt was therefore made to determine whether 
the stimulation of sodium transport anaerobically by the hor- 
mones was also associated with an increased rate of glycolysis. 
Table IV, C shows the effects of neurohypophyseal hormones 
on lactate formation and glycogen disappearance in 21 paired 
experiments. In contrast to the clear cut effects of the hor- 
mone on these measurements under aerobic conditions (Table 
IV, A) no significant effect on glycogen breakdown is seen al- 
though a small but significant effect on lactate formation is 
noted. It is possible that a small effect of the hormone on 
glycolysis may be obscured against the background of the high 
rates of glycolysis occurring anaerobically in the absence of 
hormone and by the considerable variability in the glycogen 
content from one portion of tissue to the next. 
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DISCUSSION 


Ussing and Zerahn (4) had previously demonstrated a stimu- 
lation of the short circuit current and of active sodium trans- 
port in the frog skin by mammalian neurohypophyseal hor- 
mones. Stimulation of the short circuit current of the isolated 
toad bladder by neurohypophyseal hormones had also previously 
been reported (1). The equality of net sodium reabsorption and 
short circuit current after hormone indicates that this increased 
electrical activity is quantitatively accounted for by the in- 
crease of active sodium transport. No other ion of the me- 
dium besides the sodium ion appears to be actively transported 
across the membrane either in the resting state or after hor- 
monal stimulation. 

An action of the hormone in these studies could only be 
demonstrated definitely on the movement of sodium in the di- 
rection of active transport. In spite of a careful attempt to 
observe an action of the hormone on the passive flux of sodium 
from the serosal-to-mucosal sides, the spontaneous variability 
from period to period in the low value for the passive flux made 
it impossible to discern such an effect of hormone. In this 
sense we have been unable to confirm the contention of Ussing 
and Zerahn that the effect of the hormone on the sodium flux 
in the two directions is proportionately the same. On the other 
hand, our results also do not permit us to deny this conten- 
tion. 

The present results indicate that the increase in metabolism 
by the toad bladder induced by neurohypophyseal hormones 
is entirely secondary to the action of the latter to increase the 
active transport of sodium. The metabolic effects of the hor- 
mones on oxygen consumption, glycogen utilization, and lac- 
tate production failed to be elicited when sodium was omitted 
from the incubating medium. This dependence of energy me- 
tabolism on the presence of sodium is consistent with our pre- 
vious findings (2) that the rate of energy metabolism of toad 
bladder in the absence of neurohypophyseal hormones is also 
dependent upon the presence of sodium ions. In these experi- 
ments the oxygen consumption was first measured at zero so- 
dium transport when no sodium was present in the medium. 
This value was then compared with the increased rate of oxy- 
gen consumption obtained after addition of sodium to the me- 
dium, when active sodium transport was occurring, and a ratio 
of sodium transported to the increase in oxygen consumed was 
calculated. 

From the increment in oxygen consumption and in sodium 
transport after addition of hormone one may estimate the ef- 
ficiency of the transport process. From Table II an increase 
of 0.49 ul or 0.022 umole of O2 per hour per mg dry weight 
of tissue is obtained. From Table I the increase in active so- 
dium transport resulting from hormone was approximately 11 
pamps per 0.98 mg dry weight or 0.42 weq of sodium per mg 
dry weight per hour. Hence on the average some 19 sodium 
ions are transported per molecule of oxygen consumed. Al- 
though this calculation utilizes mean figures separately deter- 
mined for oxygen consumption and sodium transport, the re- 
sult is in good agreement with those of Zerahn (7) and of Leaf 
and Renshaw (8) for isolated frog skin and of Leaf et al. (2) 
for isolated toad bladder. Zerahn (7) compared the increments 
of oxygen consumption and sodium transport after the addi- 
tion of sodium to the medium bathing isolated frog skin and 
obtained values of 16 to 20 sodium ions transported per mole- 
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cule of oxygen consumed. A similar comparison made for the 
toad bladder yielded an average figure of 17 sodium ions trans- 
ported per molecule of oxygen consumed (2). When the in- 
crements of sodium transport and oxygen consumption by iso- 
lated frog skin after hormonal stimulation were compared a 
mean figure of 18 sodium ions transported per molecule of oxygen 
consumed was obtained (8). Although there is undoubtedly 
considerable error in such an estimation, the conclusion seems 
justified that more than one sodium ion can be transported 
per high energy phosphate bond synthesized and that the ef- 
ficiency of sodium transport is similar if measured through the 
range of zero to resting sodium transport rates or from resting 
to hormonally stimulated transport rates. 

Table II shows that no decrease in the rate of oxygen con- 
sumption occurred even during the second hour following the 
addition of hormones to the incubating medium. By contrast 
a significant drop (p <0.05) in the rate of sodium transport 
had already occurred in the second half hour after addition 
of hormone. In spite of administering the excessively large 
amounts of hormone purposely used in the present study the 
hormonal stimulation of sodium transport is rarely sustained 
even for 1 hour. On the other hand the increased passive per- 
meability of the membrane to urea (6) and water! produced 
by this amount of neurohypophyseal hormones is usually sus- 
tained for several hours. This evidence of a persistent action 
of the hormone on the membrane suggests that the decline 
in the stimulated rate of sodium transport results from ex- 
haustion of some intermediate necessary for the active sodium 
transport system. That oxygen consumption remains high while 
sodium transport declines indicates decreasing efficiency for so- 
dium transport with time and suggests some “uncoupling” of 
energy metabolism and the sodium transport system, although 
the possibility that an oxygen debt is incurred when the hor- 
mone is first administered cannot be excluded. 


SUMMARY 


1. Measurements have been made of the effects of mammalian 
neurohypophyseal hormones on the rates of active sodium trans- 
port, oxygen consumption, glycogen utilization and lactic acid 
production by the isolated urinary bladder of the toad, Bufo 
marinus. 

2. The hormones specifically stimulate the active transport 
of sodium from the mucosal to serosal surfaces of the mem- 
brane. No effect of the hormones on the passive movement 
of sodium in the opposite direction was detectable though a 
large spontaneous variability makes uncertain a possible action 
of the hormone on the passive flux. 

3. The increased rate of sodium transport stimulated by neu- 
rohypophyseal hormones was associated with an increased rate 
of energy metabolism by the tissue. That the stimulation of 
energy metabolism was entirely secondary to the hormonal ef- 
fect on active sodium transport was indicated by the lack of 
an effect of the hormones on the energy metabolism of the 
tissue in the absence of sodium in the incubating medium. 

4. Calculations of the ratio of sodium ions transported per 
oxygen molecule consumed from the increments in each that 
followed addition of neurohypophyseal hormones yield a mean 
figure of 19. The results indicate a decreasing efficiency of 
sodium transport with time after the addition of hormone. 


1 Unpublished results of R. M. Hays and A. Leaf. 
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Since its introduction six years ago, the 
Tri-Carb® Liquid Scintillation Counting 
Method has become the leading method for 
the radioassay of samples containing Tritium, 
Carbon-14, Sulfur-35 and other alpha- and 
beta-emitters. More samples of Tritium and 
Carbon-14 are now being counted in the 
Tri-Carb Spectrometer than in any other 
instrument. Look around—with hundreds of 
installations throughout the world, there is 
a Tri-Carb Spectrometer near you. 

The Tri-Carb Method has been developing 
continually—both by new sample preparation 
techniques and by improvements in instru- 
mentation. And now the latest advance is 
transistorization. 

Greater reliability is one of the principal 
advantages gained by transistorizing the Tri- 
Carb Spectrometer. Both size and weight 
of the electronics have been reduced. Power 
consumption is appreciably lower and much 
cooler operation is achieved. Line voltage 
regulation and over-all stability have been 
improved significantly by the transition to 
solid state electronics. 

In gaining these advantages no compromise 
has been made in operating performance. 
Specific figures showing the excellent count- 
ing efficiencies with low backgrounds that are 
obtainable under various conditions and with 
many types of samples are reported in the 
literature by numerous Tri-Carb users. Simi- 
lar performance is routinely achieved with 
the new transistorized design. 

Other new developments are broadening 
the scope of liquid scintillation counting. 
Improved sample preparation techniques 
now make this the method of choice for assay- 
ing almost every type of sample material— 
proteins, carbon dioxide, tissue, lipids, 
tritiated water, completely insoluble materi- 
als, etc. Special accessory devices have been 
designed to adapt all Tri-Carb Spectrometers, 
old and new, to continuous liquid flow moni- 
toring in applications such as column chro- 
matography, amino acid analysis, and tracer 
or safety studies in plant or field streams. 
Other new Packard accessory instruments are 
also available for adapting all Tri-Carb Spec- 
trometers for radioassay of the effluent from 
gas chromatographs by both continuous flow 
and fraction collection methods. 

Transistorized Tri-Carb Spectrometers are 
available now—and at no increase in price 
over the older models. They are in production 
and we can make prompt delivery. To receive 
complete information on new transistorized 
Tri-Carb Spectrometers and new accessory 
equipment as well as general information on 
current sample preparation techniques, write 
or telephone. 
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pared. New England Nuclear produces its own compounds. 
Existing stocks are repurified if radiation decomposition im- 
purities have formed. New England Nuclear’s “Laboratory 
Fresh” radiochemicals justify the confidence of the discrim- 


inating user. 


If you haven’t read Dr. Bert M. Tolbert’s 
article, “Radiation Self-Decomposition of 
Labeled Compounds” in the February issue of 
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with this new compound you can save 
valuable experimental time because: 
1. Absence of v-form eliminates background interference in 
radioautographs. 
2. You get high specific activity...1.7 curies per millimole. 


3. The compound is radiochemically pure as determined by 
chromatography and isotope dilution. 


4. Stereo specificity is checked enzymatically. 


Save money, too—send us your requirements, and we will be hap, 
to give you our low prices. We also supply Tritiated Thymidine and a 
host of other radiochemicals and biochemicals. Send for your copy 
of our newly revised price list. 
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Riley: 
THE MAST CELLS 


“During the past few years the so-called 
‘mast cells’ have very rapidly acquired a new 
interest for the interpretation of phenomena 
and the solution of problems which have been 
much longer familiar to students of physiology 
and pathology....The publication of this 
Monograph by Dr. Riley, assembling and pre- 
senting for discussion all this new and highly 
suggestive evidence, will certainly be widely 
welcomed, not only by those who are them- 
selves active in related fields of research, but 
also by the many others who may well have 
found it difficult to follow the rapid unfolding 
of knowledge about these cells, and especially 
its recent and rapid development.”—From the 
Foreword by H. H. Dale 


By James F. Rirey, M.B., Ch.B., M.D., Ph.D., 
Consultant Radiotherapist, Royal Infirmary, Dundee. 
Lecturer in Radiotherapy, University of St. Andrews 
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Koch & Hanke: 
PRACTICAL METHODS 
IN BIOCHEMISTRY— 
Sixth edition 


“This edition maintains the excellent quality ex- 
hibited by the earlier editions and has kept the informa- 
tion abreast of newer techniques by the addition of new 
experiments, including the paper chromatographic and 
ion exchange techniques for separation and identifica- 
tion of amino acids, studies in enzyme kinetics, mano- 
metric study of succinic dehydrogenase. .. . In most of 
the experiments the principle is first presented, then a 
list of the reagents to be used and their concentrations, 
followed by the procedure...clearly and succinctly 
presented. This is undoubtedly one of the best bio- 
chemical laboratory texts now available.”—J.A.M.A. 

By Freperick C. Kocn, Late Frank P. Hixon Distingusshed 
Service Professor Emeritus of Biochemistry, University of Chicago; 
and Martin E. HAnkE, Associate Professor of Biochemistry, 
University of Chicago 
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RIBONUCLEASE: Chart of analysis allows precise quantitation of 
amino acids and related compounds in 3 mg acid hydrolyzate sample 
of bovine Ribonuclease A. In addition to protein and peptide hydro- 
lyzates, other materials which can be automatically analyzed include 
physiological fluids, foods, pharmaceuticals and components of plant 
and microbiological systems. 
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rately, automatically, by the Beckman/Spinco Analyzer. 
Amino A cid Ana lyzer Simpler runs are finished in less than a day, the most 


complex within two days. 

The instrument employs the Spackman-Stein-Moore 
technique of automatic recording ion-exchange chroma- 
tography. With it a typical analysis takes only half a day 
New features include of operator time. Five to ten times as many operator 
preparative column hours would be required for analysis by older bio-assay 

or manual chromatographic techniques. 

Compared with earlier analytic methods, operation of the 
Beckman/Spinco Analyzer is simplicity itself. A small 








A new Spinco Preparative Column 
and Stream Divider Accessory is now 
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L ternal columns and accessories, in use around the world. If your research involves—or 
including fraction collector and scin- could involve—amino acids, write now for information 
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; Instruments, Inc., Spinco Division, Stanford Industrial 
Park, Palo Alto20 California. 
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Direct automatic derivative spectrophotometric 
EDTA titration procedures for calcium and mag- 
nesium in blood serum are now successfully run 
on the Sargent-Malmstadt Spectro-Electro Titrator. 
For copy of method and information on the titra- 
tor, write Dept. TB. 
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most precise instrument for all fluorometric precise, reliable measurements over a wide 
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models: with transformer for line operation or concentrations in micro or macro volumes. 
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Specify Bulletin No. 803 BC 
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MERCK 


ISOTOPIC COMPOUNDS 


CARBON-14 CARBON-13 


Galactose-1-C* Methyl Alcohol-C# 
Pyridine-alpha-C™“ Methyl lodide-C* 
Nitrogen Mustards-C4 Sodium Acetate-1-C# 
60 % enrichment 





DEUTERIUM 
NITROGEN-15 
Benzene-dg 
Methyl-d; Bromide Urea-N}° 
Naphthalene-ds Glycine-N® 
Deuterated Solvents for NMR Ammonia-N® 
99 % deuterated 95 % enrichment 


The above compounds are indicative of the wide range of isotopically labelled 
compounds which are available. A catalogue will be mailed on request. 
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Years of research and development have en- 
abled us to produce consistently the highest 
quality crystals obtainable and at attractive 
prices. We go all out to serve you with 
HIGHEST QUALITY 

ATTRACTIVE PRICES + PROMPT DELIVERY 
—three good reasons why leading spectro- 
scopists everywhere are turning to Isomet for 
their crystal needs. Why don’t you try us on 
your next order. 


NaCl, KBr, KCl, Ki, CsBr, Csi, BaF,, MgO 
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KBr Pellet Powder. 
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free Technical Bulletin No. 1578 





most extensive revision since it was first published 
nearly two decades ago. Nearly every page has under- 
gone some alteration, deletion, or addition, with many 
figures redrawn and others added. The 80 chapters 
supply a wealth of information for practicing physi- 
cians, medical students, specialists of every complexion 
in medical science, and laboratory investigators. Few 
works are worthy of the term ‘indispensable.’ This book 
occupies a commanding position for that appellation.” 
—J.AM.A. 
By Cuartes Hersert Best, C.B.E., M.A., M.D., Professor 
and Head of Department of Physiology, University of Toronto; 
and NorMAN Burke TAYLOR, aie M.D., F.R.S., Professor 


of Histery of Medicine and Medical Literature, University 
of Western Ontario 
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MODEL N-1 
H-4600—$310.00 


FAST .. ACCURATE .. LINE-OPERATED .. 
COVERS FULL 0-14 pH RANGE! 


Tins laboratory requiring fast, accurate measurement of acidity | 


MODEL N-2 or alkalinity will be pleased with the Model 72—a reliable, line- 
H-4600-5 operated instrument for rapid, accurate pH measurements of liquids, 
$360.00 


pastes, and semi-solids. 

Model 72 permits direct reading over the full 0 to 14 pH range, 
as well as millivolt measurements from 0 to +500 (£1000 mv by displacing | 
MODEL G zero). Accuracy is +0.1 pH; repeatability +0.05 pH. Easy to operate. Three | 

conveniently located controls govern asymmetry, temperature and function. | 
Ruggedly constructed. A broad selection of electrodes is available. Write for 
bulletin 776. In fact, why not send for literature on the entire line? 


H-4800X Model 72 pH Meter—complete with combination electrode, electrode holder assembly, 
‘electrode rod, electrode holder stop, and 1-pint of pH 7 buffer, se sn volts, 50/60 cycles A.C. 

: som 5” high x 6” wide x 9” deep. Weight 5 ibs. Price $175.00 

Pee 

An 8th Beckman pH Meter, similar in appearance to the Zeromatic, will be available soon. 
Called the MODEL 76 EXPANDED SCALE, it's a highly stable, direct-reading, line-operated, 
push-button instrument for making extremely precise pH and millivolt measurements. Cat. No. 
H-4875X. Price $445.00. Write for bulletin 777. 
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Announcing a new book by a 


Clark’s OXIDATION- 
REDUCTION POTEN- 
TIALS OF ORGANIC 
SYSTEMS 


“Although more than 100 tables are required to summarize 
existing data on groups of organic oxidation-reduction systems, the 
number of systems so far studied successfully by the methods here 
outlined is very small relative to the number in the whole field of 
organic chemistry. On the other hand are two exciting facts. With 
the increasing number of enzymes being isolated in nearly 
homogeneous states, biochemists have at hand enlarging means of 
bringing about equilibrium between two oxidation-reduction 
systems. If the standard potential of one of these systems is known, 
it and the constant for the equilibrium may be used to calculate 
the standard free energy change for the other. Also it may happen 
that an enzyme will accelerate to a state of equilibrium a reaction 
between an electromotively inactive system and a ‘mediator’ that 
is electromotively active. In such a case potentiometric 
measurements can, under proper conditions, be interpreted as 
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